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1.1. Historical Overview 
 
The determination of oxygen is most important in almost every field of science, 
research, and technology. Pressure (or oxygen partial pressure, pO2) as well as 
temperature are omnipresent factors, influencing almost every measurements of 
other parameters. The problem of determining the pressure of the ambient 
atmosphere was solved in the seventeenth century. However, it took quite a long 
time until it was possible to continuously measure the concentration of oxygen in 
liquids. This was achieved by Leland Clark in 1954 with his so-called Clark oxygen 
electrode.[1] This was the first commercially available device for pO2 determination, 
but it was not applicable to measurements of oxygen distribution or surface flow. 
   In the early 1930’s, Kautsky and Hirsch described the decrease of the 
luminescence intensity of organic dyes adsorbed onto silica when exposed to 
oxygen.[2] Fifty years later, Peterson and Fitzgerald utilized this effect for studies of 
flow over airfoil shapes.[3] The idea of pressure-sensitive paints was born therewith 
(it has to be emphasized that pressure-sensitivity, in this context, always means 
sensitivity to barometric pressure and never to mechanical pressure). First 
research on the application of pressure-sensitive paints (PSPs) was performed in 
the former Soviet Union at the Central Institute of Aerohydrodynamics in Moscow 
(TsAGI). However, scientists in the rest of the world were oblivious of the research 
done in this field.[4] In the late 1980’s the PSP technique was independently 
introduced and established by scientists at the University of Washington in Seattle 
(M. Gouterman, J. Callis).[5] Since then, numerous other aerodynamic research 
facilities all over the world have applied and advanced the technique. These 
include NASA (USA),[6] JAXA (Japan),[7] ONERA (France),[8] and DLR 
(Germany).[9] 
   Since every pressure-sensitive dye displays a more or less strong cross-
sensitivity towards temperature, there is also a large interest in temperature-
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sensitive paints (TSPs). This technique enables for gathering information about 
the two-dimensional temperature distribution for referencing and compensating the 
temperature effect of the PSP. The first substances applied for this purpose were 
inorganic compounds, the so-called thermographic phosphors. Temperature 
distribution imaging was therefore formerly termed thermographic phosphor 
thermography (TPT). They are now referred to as temperature-sensitive paints.[10-
14]
 
   Aside from its use in aerodynamic research, pressure and oxygen imaging 
has become important in medical and pharmaceutical sciences. Oxygen and 
temperature are the two factors which, besides pH, are the most crucial 
parameters for point-of-care diagnostics. The dual pressure-sensitive and 
temperature-sensitive paint approach offers the possibility of performing non-
invasive online measurements of these two parameters.[15-27] 
 
 
1.2 Motivation 
 
At the Institute of Analytical Chemistry, Chemo- and Biosensors (IACCB) of the 
University of Regensburg, extensive research has been performed on 
fluorescence-based sensing and on lifetime imaging. Various sensor systems 
have been developed for the imaging of e.g. carbon dioxide partial pressure[28], 
pH,[18,29] metal ions,[30] oxygen partial pressure[31,32] etc. Based on the previous 
results, this work aims on the development of dual paints for wind tunnel 
applications. A “dual paint” is defined as a material (a coating) capable of 
simultaneously reporting two parameters, here specifically the oxygen partial 
pressure (pO2) and temperature. The ambition was to develop new materials and 
to eliminate the common and well known disadvantages and problems of the PSP 
and TSP systems, like e. g. pressure dependence of the temperature probe or 
insufficient signal separation.  
   In this dissertation, new and improved pressure- and temperature-sensitive 
paint systems are introduced. Up to the present, the information about pressure 
distributions provided by PSPs is mainly acquired using the luminescence intensity 
of the probe as the analytical information. In cooperation with the Institute of 
Aerodynamics and Flow Technology of the German Aerospace Center (Institut für 
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Aerodynamik und Strömungsmechanik, Deutsches Zentrum für Luft- und 
Raumfahrt, DLR), we have assembled a novel optical setup for measuring and 
evaluating pressure-dependent luminescence lifetime of the indicator probe 
instead of its intensity, entailing advantages like higher accuracy, independence 
from the overall intensity and paint distribution, just to mention a few. 
   The pressure-sensitive paints were combined with temperature-sensitive 
probes to build dual sensor systems capable of determining both pO2 and T. The 
dual sensors and the single components were characterized and the resulting dual 
sensors were calibrated. Furthermore, two new methods of interrogation for dual 
sensors are introduced and discussed. Based on these approaches, the principle 
of optical dual sensors and the corresponding signal separation was expanded 
and improved, resulting in the first optical triple sensors ever described. 
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The phenomenon of the quenching of luminescence by quenchers such as oxygen 
not only forms the basis for various methods and applications in (bio)analytical 
chemistry and in physics, but also is the fundamental process for barometric 
pressure paints (so-called pressure-sensitive paints; PSPs). The mechanisms and 
principles of luminescence itself are not presented and discussed in the following, 
as they are described in pertinent physical-chemistry textbooks.[1-4] 
 
 
2.1. Quenching of Luminescence 
 
The intensity of fluorescence can be decreased by various processes and 
mechanisms. One of these processes, beside energy transfer and electron 
transfer, is called quenching. Common quenchers include molecular oxygen, 
halides, heavy metal ions, amines, and electron deficient molecules like 
nitroaromatics and acrylamide. Generally, two different mechanisms of quenching 
are observed, namely collisional dynamic and static quenching.[1-4] The 
phenomenon of static quenching, where the quencher is forming a complex with 
the fluorophore, will not be discussed here since it plays no role in pressure-
sensitive and temperature-sensitive paint technology. Collisional quenching occurs 
when the excited state of a fluorophore is deactivated via molecular collisions. The 
fluorophores are not chemically altered in this process. The excited state is 
depopulated in a non-radiative way. The quantum yield (QY, Φ) decreases with 
the rate of non-radiative decay. The luminescence lifetime (LT, τ) also decreases 
with decreasing quantum yield.[4-7] Most organic luminophores emit from a singlet 
excited state with decay times up to 20 ns (with a few exceptions). Metal-ligand 
complexes (MLCs) in contrast, emit from a state of higher multiplicity and have 
much longer decay times. Therefore, they are easily quenched by oxygen (which 
itself has a triplet ground state) via triplet-triplet annihilation. Not all MLCs are 
quenched by oxygen to the same extent. For instance, ruthenium complexes are 
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more strongly affected than europium complexes. This is due to the possibility of 
the transition of the triplet state to the f-orbital of the europium metal center, 
resulting in a long-lived luminescence from that state. Thus, the triplet state is 
depopulated by this mechanism before being annihilated by triplet oxygen. 
   For collisional quenching, a relationship between the luminescence intensity, 
and thus lifetime, and oxygen partial pressure (or air pressure) was described by 
Stern and Volmer in 1919:[8] 
           [ ]
τ
τ ref
SV
ref QK
I
I
=⋅+= 1             eq. 2.1 
where KSV is the Stern-Volmer quenching constant, [Q] the concentration of the 
quencher, I the intensity, and τ the lifetime, whilst Iref and τref, respectively, are the 
intensities and lifetimes under reference conditions, in the majority of the cases in 
absence of the quencher. Equation 2.1 is the simplest form of the Stern-Volmer 
equation and well applicable to molecules in solution. KSV contains the 
unquenched luminescence lifetime and a diffusion-controlled bimolecular rate 
constant. In solution, the diffusion of the dye molecule and the quenching species 
remains the same throughout the entire volume. Plotting the intensity or lifetime 
ratio versus the quencher concentration gives a linear dependency with the Stern-
Volmer constant KSV as slope. 
   The PSP and TSP technique makes use of solid phases. Thus, free diffusion 
of the dye and the quencher is compromised, and deviations can occur from the 
strictly linear dependence of the intensity or lifetime on the quencher 
concentration. Hence, a modified Stern-Volmer equation has to be applied that 
reflects the fact that fluorophores are located at different chemical and physical 
environment (e.g. inside polymer particles and matrices) and thus have different 
quencher accessibility: 
      [ ] [ ] [ ] ...111 )3(
3
)2(
2
)1(
1 +
⋅+
+
⋅+
+
⋅+
== QK
f
QK
f
QK
f
I
I
SVSVSVrefref τ
τ
    eq. 2.2 
with f1, f2, and f3 as the emissive fractions of the fluorophore in the different 
environment, KSV as the Stern-Volmer constants in the different environments, and 
[Q] as the quencher concentration. It turns out that terminating eq 2.2 after the 
second term is an acceptable simplification to describe quenching in 
heterogeneous systems. The simplified equation is referred to as the two-site-
model.[9-11] 
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   Quenching by temperature (in contrast to oxygen quenching) is not based on 
the interaction of two species. Rather, it is directly affected by the energy levels of 
the orbitals involved, e.g. the d-d orbital and the metal-ligand charge transfer 
(MLCT) in metal-ligand complexes, and the energy gaps between these. For 
luminescence to occur, the d-d state has to lie above the MLCT state.[12] The 
energy of the states involved can be altered by the addition of thermal energy. 
Furthermore, additional thermal energy increases the probability of electron 
transitions between the two states involved. This happens with a defined rate 
constant and depends on the characteristics of the molecule. The rate constant 
changes with temperature and can be described by 
              2
ln
RT
E
dT
kd a
=            eq. 2.3 
or the integrated form 
              





−=
RT
EAk aln            eq. 2.4 
The temperature sensitivity of a pressure-sensitive or temperature-sensitive paint 
can thus be described by 
            





⋅
∆
−⋅+=
TR
Ekk exp1 10τ
         eq. 2.5 
where τ is the lifetime, k0 the temperature independent decay rate for the 
deactivation of the excited state (the sum of radiative and nonradiative decay 
constants from the emitting state to the ground state), k1 the preexponential facor, 
∆E the energy gap between the emitting level and an upper deactivating excited 
state, R the gas constant, and T the absolute temperature.[13-16] If the energy gap 
between the electronic states involved is small, luminescence is quenched by 
temperature. An increase in temperature will then cause a large decrease of both 
luminescence intensity and lifetime. 
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2.2. Pressure-Sensitive Paints and Temperature-Sensitive Paints 
 
The function of PSPs relies on the principle of collisional quenching of 
luminescence. The indicator dyes are incorporated into a polymeric matrix (also 
referred to as binder) or encapsulated inside polymer particles. The PSP then is 
cast on the surface or structure of interest. The photoluminescence intensity (and 
lifetime) depends on the oxygen partial pressure of the ambient air. The process is 
fully reversible. By imaging the surface, pressure distributions can be visualised 
with high spatial resolution. 
   All dyes employed in PSPs are more or less sensitive to temperature. Metal-
ligand complexes (MLCs) are often used as pressure indicators due to their large 
Stokes’ shifts. The temperature dependence of MLCs is particularly expressed. 
Since altering the pressure flow often entails a change in temperature, the 
calculation of the pressure at a certain point is only possible with the knowledge of 
the temperature at this point. 
   Intensity is the parameter most often acquired. This is convenient but implies 
several problems and sources of error. These include (a) small deviations in the 
PSP distribution, (b) inhomogeneities of the paint, (c) defects on the sample 
surface, and (d) imperfectly installed light sources. Time-gated luminescence 
lifetime imaging can help to avoid these disadvantages.[17,18] 
 
 
2.3. Materials for Use in PSPs and TSPs 
 
All materials applied in paint formulations have to meet a variety of stipulations. 
Indicators are expected to possess high quantum yields, large absorption 
coefficients (and thus brightness), high photostabiliy, and they should be excitable 
with low-cost light sources. Polymers for use in PSPs are expected to be good 
solvents for the luminophores, to have good and fast permeability for oxygen, to 
be sprayable, and to have good adhesion to the support. 
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2.3.1. Indicators for Use in PSPs 
 
Amongst the variety of luminescent molecules, only a few are suitable for use in 
pressure-sensitive paints. With respect to luminescence intensity, the dyes have to 
be as bright as possible. The brightness (Bs) of a luminophore is defined as the 
product of molar absorbance (ε) at the excitation wavelength and the quantum 
yield Φ. For example, the Ru(dpp)32+ complex has a molar absorbance (ε) of 
~30,000 L/(mol⋅cm), and a quantum yield Φ of 0.36 and thus a brightness of 
10,800 for deoxygenated conditions. Under ambient air pressure, the quantum 
yield drops to about 0.2, and the brightness therefore to ~6,000.[19-23] 
   One of the widely used class of molecules is the family of the polycyclic 
aromatic hydrocarbons (PAHs) like pyrene. The luminescence decay of pyrene 
occurs in the nanosecond timescale, which makes it more difficult to determine 
lifetime changes due to quenching. Metal-ligand complexes typically display 
lifetimes between hundreds of nanoseconds up to several milliseconds, but only a 
few have quantum yields comparable to PAHs. In fact, there is no ideal 
luminescent molecule, suitable for all kinds of PSP measurements. Important 
probes for use in PSPs are listed in table 2.1. 
 
Table 2.1. Names, acronyms, chemical structures, and spectral characteristics of typical 
indicators for use in pressure-sensitive paints (with S: Soret-band; Q: Q-band). 
Compound 
[acronym] 
Chemical Structure λabs(max) λem(max) Ref. 
Pyrene 
 
335 nm 
395 nm 
(monomer) 
475 nm 
(excimer) 
27,28,29 
Decacyclene 
 
385 nm 510 nm 24,30,31 
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Ruthenium(II)-tris(4,7-
diphenyl-1,10-
phenanthroline) 
[Ru(dpp)32+] 
(various counter ions) 
Ru
2+
N
N
N
N
N
N
Ph
Ph Ph
PhPh
Ph
 
337 nm  
457 nm 
610 nm 
19,20,21, 
22,23 
Platinum(II)-
2,3,7,8,12,13,17,18-
octaethylporphyrin 
[PtOEP] 
N N
N N
Pt
 
381 nm (S) 
535 nm (Q) 
646 nm 17,26,32 
Palladium(II)-
2,3,7,8,12,13,17,18-
octaethylporphyrin 
[PdOEP] 
N N
N N
Pd
 
393 nm (S) 
512 nm (Q) 
546 nm (Q) 
663 nm 26,33 
Platinum(II)-5,10,15,20-
tetrakis(2,3,4,5,6-penta-
fluorophenyl)porphyrin 
[PtTFPP] 
N N
N N
Pt
C6F5
C6F5F5C6
C6F5
 
395 nm (S) 
541 nm (Q) 
648 nm 34,35 
Palladium(II)-5,10,15,20-
tetrakis(2,3,4,5,6-penta-
fluorophenyl)porphyrin 
[PdTFPP] 
N N
N N
C6F5
C6F5
Pd
C6F5
F5C6
 
407 nm (S) 
518 nm (Q) 
552 nm (Q) 
653 nm 11 
Platinum(II)-5,10,15,20-
tetrakis(2,3,4,5,6-penta-
fluorophenyl)porpholactone 
[PtTFPL] 
N
O
N
N N
Pt
O
C6F5
C6F5
C6F5
F5C6
 
392 nm (S) 
572 nm (Q) 
745 nm 18,36,37 
 
The polycyclic aromatic hydrocarbons (PAHs) are efficiently quenched by oxygen 
and were the first applied in optical (fiber) sensors.[24,25] They exhibit bright 
emission but many of them lack photostability and some need shortwave 
excitation. 
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   Ruthenium-tris(4,7-diphenyl-1,10-phenanthroline) is not a very bright 
luminophore compared to the PAHs, but possesses an unusually long 
luminescence lifetime. The complexes are more stable against 
photodecomposition and are excitable with violet or blue light. In the past, this was 
a great advantage due to the high costs of light sources for the UV region.[26] 
   The porphyrin platinum complexes show intense luminescence at room 
temperature, possess a high quantum yield < 50%, and therefore are very bright: 
PtTFPP, for example, has a Φ of 0.1 and an ε of 323,000 (Soret band) and 23,200 
(non-Soret band, so-called Q-band), respectively.[38] Obviously, the brightness is 
much higher if excitation is performed at the wavelength of the Soret band. The 
palladium or platinum octaethyl porphyrins immobilised in polymer matrices 
undergo photobleaching.[26,39] Fluorinated porphyrin derivatives like PtTFPL are 
more photostable.[34,40] 
 
 
2.3.2. Polymers for Use in PSPs 
 
The polymer (often referred to as the “binder”) is the second important component 
of a PSP.[41,42] It attaches the indicator an the solid support. However, not all kinds 
of polymers are suitable for the use in PSP formulations. The pressure-sensitive 
indicator dye has to be soluble in the binder (unless it is suspended). Furthermore, 
the binder has to be soluble in an appropriate solvent so that it can be sprayed or 
spread on the surface of interest. It is of particular importance that the polymer is 
inert. It should not contain any functional groups that can affect the luminescence 
behaviour of the pressure-sensitive dye. Even carboxy groups, for instance, can 
act as a quencher. 
   Moreover, the polymer has to comply with two important conditions. It should 
be mechanically stable and also display a high and constant permeability for 
oxygen. This permeability depends on various factors and is not directly a function 
of the polymer’s chemical structure. Rather, it depends on the orientation and 
density of the macromolecules, and on the thickness of the coating. The most 
common parameter for quantifying the diffusion of oxygen through a polymer is the 
so-called permeability coefficient P. 
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( ) ( )
( ) ( ) ( )filmtheacrossdroppressuretimearea
oxygenofquantityfilmpolymertheofthicknessP
    
      
⋅⋅
⋅
=       eq. 2.6 
The temperature dependence of the permeability coefficient is given by: 
               





−⋅=
RT
EPP Pexp0           eq. 2.7 
where P0 is a pre-exponential factor, EP the activation energy of permeation, R the 
gas constant, and T the absolute temperature in Kelvin.[43] For the application in 
PSP, the permeability coefficient should be (more or less) constant over a wide 
temperature range or ideally be completely independent of temperature. An 
overview on polymers for the application in PSPs and their properties is given in 
table 2.2. 
 
Table 2.2. Names, acronyms, chemical structures, and figures of merit of selected 
polymers for use in pressure-sensitive paints. 
Polymer 
[acronym] 
Chemical Structure T [°C] 
P 
[10-13 cm2⋅s-1⋅Pa-1] 
Ref. 
Ethyl cellulose 
[EC] O
O
OR
OR
OR
O
O
OR
OR
OR
O R
R
n
R= H or Ethyl
 
25 11.0 44 
Poly(dimethyl siloxane) 
[PDMS] 
*
O
Si *n
 
 
35 695 45 
Poly(hexafluoroisopropyl 
methacrylate-co-heptafluoro-
n-butyl methacrylate) 
[FIB] 
*
*
O
OF
F
F
F
F
F
O
F
F
F
F
F
F
F
O
n
 
m
 
 
 n.d. 
46 
47 
Poly(isobutyl methacrylate-
co-trifluoroethyl 
methacrylate) 
[Poly(IBM-co-TFEM)] 
*
*
O O
O
FF
F
n
 
m
 
 
 n.d. 
47 
48 
Poly(methyl methacrylate) 
[PMMA] 
*
*O O
n
 
 
34 0.116 
47 
49 
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Polystyrene 
[PS] 
*
*n
 
 
25 1.9 
47 
49 
Poly(styrene-co-acrylonitrile) 
[PSAN] 
*
*n
 
CN
m
 
 
25 0.0032 
47 
50 
Poly(trimethylsilyl propyne) 
[PolyTMSP] 
*
*
Si
n
 
 
 n.d. 51 
Poly(vinyl pyrrolidone) 
[PVP] *
N
*
O
n
 
 
  
 
 
Polymers for use in PSPs can be divided in three classes: silicones, organic 
glassy polymers, and fluoropolymers. Silicones like poly(trimethylsilyl propyne) 
excel in oxygen permeability, but often are not stable over a long period of time. In 
case of polyTMSP, the double bond is not stable towards irradiation. This makes 
the polymer lose it outstanding permeability over time.     
   Organic glassy polymers like polystyrene or poly(styrene-co-acrylonitrile) are 
much easier to handle. They do not possess the high permeability compared to 
the silicones but are mechanically stable and their properties are not altered when 
cast on solid supports in PSP applications. The field of practicability of some 
components is limited due to the rather low glass transition temperature and the 
rather low melting point of certain polymers. Polystyrene, for instance, has a glass 
transition temperature of ~90 °C and a melting point of ~240 °C.[52,53] Thus, 
polystyrene is not suitable for application in high-temperature oxygen sensing. Due 
to the simple chemistry behind the synthesis of the organic glassy polymers, it is 
possible to tailor binders with properties close to those desired. 
   The fluoropolymers feature high oxygen permeability and often are more 
stable than the silicones. Like highly fluorinated indicators, they are more resistant 
to photooxidation. The carbon-fluorine bond is stable to the highly reactive singlet 
oxygen that is being formed after photoexcitation of the probe.[54] Because of their 
outstanding properties, the fluorinated polymers have become important in 
aeronautic applications. Poly(hexafluoroisopropyl methacrylate-co-heptafluoro-n-
butyl methacrylate) (“FIB”, from fluoro/isopropyl/butyl) is the American standard 
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binder in PSPs.[46] However, FIB polymers require the use of hazardous solvents 
such as 4-chloro-α,α,α-trifluorotoluene in order to make it sprayable.  
   Polymers like poly(vinyl pyrrolidone) or some polyurethane-based polymers 
are soluble in water and/or ethanol, and are more easy to handle. The 
corresponding solvents are less toxic or less environmentally harmful. The 
permeability of these polymers for oxygen unfortunately strongly depends on the 
fraction of water in the polymer. Thus, the binders are cross-sensitive to humidity. 
Accordingly, these kinds of polymers are not suitable for high-temperature 
PSPs.[55-58] 
 
 
2.3.3. Electrochemical Coating 
 
Any binder will decrease the accessibility of oxygen to the luminescent indicator. 
This compromises the response times of paints. The groups of Sakaue et al. and 
of Asai et al. have developed an approach in which no polymer binder is needed, 
reducing the response time to a minimum. Aluminum surfaces were treated with 
different acids and bases, and then were electrochemically anodised. This results 
in a porous metal surface. The size and depth of the pores are very uniform, with a 
pore diameter of ~20 nm and a layer thickness of ~10 mm. Treated with its 
concentrated solution, the pressure indicator diffuses into the pores and will be 
adsorbed at the surface of the anodised aluminum (AA). In this kind of PSPs the 
response time to pressure shocks and pulses is only limited by the luminescence 
lifetime of the indicator applied and can be compared tho those of electric pressure 
transducers.[19,27,47,59-61] This approach is limited, unfortunately, to aluminum 
surfaces. Furthermore, the adsorption of indicators onto the porous aluminum 
surface turns out to be difficult in some cases (e.g. large surfaces). 
 
 
2.3.4. Indicators for Use in TSPs 
 
All known indicators for use in pressure-sensitive paints have a temperature-
dependent luminescence to a certain extent. Additionally, the oxygen diffusion 
through the binder is more effective at higher temperatures. This affects both 
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intensity and lifetime. Nevertheless, in most cases mathematical algorithms can be 
used to correct the effects of temperature. Alternatively, a temperature-sensitive 
(but oxygen-insensitive) probe may be added to the pressure-sensitive paint.[62] 
   There is also a need to determine exclusively temperature, for instance in 
cryogenic wind tunnel tests or for combustion studies in turbochargers and 
turbines. Consequently, certain indicators have to withstand temperatures up to 
2000 °C. The first substances applied for that purpose were inorganic compounds, 
the so-called thermographic phosphors. More recently, metal-ligand complexes 
are being used as temperature probes but are hardly applicable at temperatures 
above 200 °C.[58,63-66] Important indicators for application in TSPs are listed in table 
2.3. 
 
Table 2.3. Names, acronyms, chemical structures, and photoluminescent properties of 
typical indicators for use in temperature-sensitive paints 
Compound 
[acronym] 
Chemical Structure λabs(max) λem(max) Ref. 
La2O2S:Eu3+ solid state 385 nm 514 nm 
63 
65 
Ruthenium-tris(1,10-phenanthroline) 
[Ru(phen)32+] 
(various counter ions) 
Ru
2+
N
N
N
N
N
N
 
448 nm 579 nm 
67 
68 
69 
Ruthenium-tris(2,2’-bipyridine) 
[Ru(bpy)32+] 
(various counter ions) 
Ru
2+
N
N
N
N
N
N
 
320 nm 
452 nm 
588 nm 70 
Ruthenium-bis(2,2’:6’,2’’-
terpyridine) 
[Ru(trpy)22+) 
(various counter ions) 
Ru
2+
N
N
N
N
N
N
 
310 nm 
475 nm 
620 nm 71 
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Europium(III)-
tris(thenoyltrifluoroacetylacetonato)-
(2-(4-diethylaminophenyl)-4,6-
bis(3,5-dimethylpyrazol-1-yl)-1,3,5-
triazine) 
[Eu(tta)3(dpbt)] FS
F F
O O
3
N
N
N
N N
N N
N
Eu
 
417 nm 614 nm 
50 
69 
72 
 
   There is a large variety of indicators for thermographic phosphor 
thermography, for example La2O2S:Eu3+, Y2O3:Eu, or YAG:Dy.[64] These inorganic 
compounds are very robust in terms of thermal stability. Nevertheless, the 
development of temperature-sensitive metal-ligand complexes for certain 
temperature ranges is currently still a field of intensive research. This is because 
of (a) the lack of sensitivity in the range between 0 and 100 °C, and (b) the limited 
brightness of thermographic phosphors since they have low molar absorbances. 
   Temperature sensing may also be performed using infrared cameras. This 
method (IR-thermography) is a powerful tool for direct visualisation of temperature 
gradients but is applicable to only a limited extent since the spatial resolution of 
infrared cameras is rather poor and the sensitivity at low temperatures is 
inadequate. This can be improved, however, by cooling the CCD chip with liquid 
nitrogen or helium.[73] 
 
 
2.3.5 Polymers for Use in TSPs 
 
Like in the case of PSPs, the polymers for use in TSPs have to be mechanically 
stable. On the other side, they need to be impermeable for oxygen or other 
gases.[42] The chemical stability and photostability of the paint is a critical issue 
since the paint tends to crack because of the uneven thermal contraction and 
expansion of the binder and the thermographic phosphor, respectively.[63-65] To 
eliminate any cross-sensitivity of temperature probes to oxygen, gas-blocking 
polymers have been used preferably. The chemical structures and properties of 
common binders for TSP applications are listed in table 2.4, respectively. The 
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polymers listed in table 2.4 have very low P values and thus prevent diffusion of 
singlet oxygen which can be harmful to both the probe and the polymer. 
 
Table 2.4. Names, acronyms, chemical structures, and figures of merit of selected 
polymers for use in temperature-sensitive paints. 
Polymer 
[acronym] 
Chemical Structure 
P  
[10-13 cm2⋅s-1⋅Pa-1] 
Ref. 
Poly(acrylonitrile) 
[PAN] *
*
CN
n
 
 
0.00015 
43 
69 
Poly(styrene-co-acrylonitrile) 
[PSAN] 
*
*n
 
CN
m
 
 
0.0032 
43 
69 
Poly(vinyl alcohol) 
[PVA] 
*
*
OH
n
 
 
0.00665 a) 43 
Poly(vinyl methyl ketone) 
[PVMK] 
*
*
O
n
 
 
n. d. 69 
Poly(vinyl chloride) 
[PVC] *
*
Cl
n
 
 
0.034 b) 43 
    a) at 0% relative humidity 
    b) unplasticized 
 
 
2.4. Spectroscopic Methods of Interrogation 
 
There is a large variety of methods for calibrating and evaluating PSPs and TSPs. 
The most common optical parameters determined are the intensity and decay time 
of luminescence. They can be measured using different calibration schemes, each 
of them having advantages and limits. The parameters intensity and lifetime are 
compared in table 2.5, with respect to their pros and cons. 
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Table 2.5. Advantages and disadvantages of the pressure sensing and temperature sensing 
based on measurement of I and τ, respectively 
 Pros Cons 
 
  High intensity in case of 
strong light sources 
Prone to errors (caused by e. g. uneven coatings, changes 
in the experimental geometry, or deviations in dye 
concentration) 
Simple Dependent on several factors 
Inexpensive Light field has to be very homogeneous 
Intensity: 
Numerous indicators 
available 
Not self-referenced 
 
  Independent of the 
intensity of the excitation 
light 
More expensive experimental setup 
Self-referenced More complex data acquisition 
Independent on the setup Limited number of indicators available 
Lifetime: 
Defined lifetime for given 
indicator 
 
 
 
2.4.1. Intensity Imaging 
 
In the simplest case, luminescence is excited continuously and luminescence 
intensity is imaged. The light source and the CCD camera are controlled and 
triggered by a computer. The data are conveyed to the CPU and processed. This 
method is common not only in the case of PSPs and TSPs, but also in 
fluorescence microscopy, where the analyte (oxygen in the case of PSPs) causes 
a change in the luminescence intensity of the sensor which is related to its 
concentration.[74,75] However, the luminescence intensity detected by the CCD 
camera not only is dependent on the probe concentration, which becomes 
apparent when regarding Parker’s law: 
             clkII L ⋅⋅⋅⋅⋅= εφ0            eq. 2.8 
With IL the intensity of the luminescence, I0 the intensity of the excitation light, φ 
the quantum yield of the fluorophore, k a geometric constant of the setup, l the 
length (or thickness) of the penetrated medium, and c the concentration of the 
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fluorophore in the medium. As it can be seen from equation 2.8, the intensity 
response of a PSP is directly dependent on the intensity of the excitation light. On 
the one hand, this is an advantage because very high intensities can be achieved 
by making use of lasers. On the other hand, small deviations in the excitation light 
field will cause variations in the local intensity. Furthermore, the light intensity is a 
function of distance. The intensity decreases by 1/(distance)2. This effect is very 
important when considering 3D models. 
   There is no perfect PSP at present. Deviations in the layer thickness and dye 
concentration c result in a non-homogeneous intensity response of the sensor (see 
figure 2.1). To avoid this problem, reference dyes are incorporated into the PSP 
composition that are 
widely inert to temper-
ature. Thus, the inten-
sity response of the 
indicator can be 
related to the intensity 
of the reference dye, 
resulting in a ration of 
intensities being only 
dependent on oxygen 
concentration. 
   Additionally, 
white pigments are 
often added in order to 
increase the intensity 
of luminescence. The 
emission of light from 
PSPs and TSPs has no preferred direction. White additives like titanium dioxide 
can increase the luminescence seen by the camera. 
   When studying non-flat surfaces and models with a 3D structure, additional 
problems may arise. The excitation light may be reflected at a surface and can 
excite the PSP or TSP of another area, leading to falsified images. This effect can 
be prevented to some extent by using base coats. These are pigments either 
applied as additional layer with an extra polymer, or incorporated in the paint. 
 
r1 r2
l1
l2
dye molecule
light source
solid support
 
 
Figure 2.1. Typical cross-section of a PSP. The surface 
shows inhomogeneities, leading to different dye 
concentrations and different penetration depths of the 
excitation light. Excitation intensity differs with the position 
of the indicators with respect to the light source (see r1 and 
r2). With varying layer thickness, the accessibility of oxygen 
also differs (diffusion is also a function of the length of the 
penetrated medium (see l1 and l2)). 
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Base coats can be designed to absorb in the UV-region, thus eliminating the 
reflection of UV excitation light. 
   One example for such an intensity based PSP formulation is the system 
applied at the German Aerospace Center (Deutsches Zentrum für Luft- und 
Raumfahrt, DLR). It is composed of a pyrene derivative acting as a pressure-
sensitive probe, and a europium complex as a reference dye whose emission is 
not affected by pressure. Both components are excited at 337 nm. The excimer 
emission of the pyrene is monitored to acquire the pressure information, while the 
emission of the reference dye is only dependent on the amount of the complex 
excited.[28] The ratio R between SPSP and Sref is independent of light source 
fluctuations. In addition, the adverse effect of uneven surfaces, reflections and 
scattering of excitation of the excitation beam can be eliminated for the most part. 
In wind tunnel applications, these measurements are called wind-off images, taken 
at a well known pressure and defined temperature. The pressure- and temperature 
dependence of the paint can be described by a modified Stern-Volmer 
relationship:[8] 
              ( ) ( )( )TpI
TpIppfT
,
,
,
0
0 =             eq. 2.9 
for the pressure dependence of the intensity at a constant temperature, and 
             ( ) ( )( )00 ,
,
,
TpI
TpITTgP =           eq. 2.10 
for the temperature dependence of the intensity at constant pressure, with p0 and 
T0 as reference pressure and temperature, respectively. The pressure-sensitive 
paint is calles ideal if the function fT(p,p0) is independent of temperature and if 
gP(T,T0) is independent of pressure. In wind tunnel applications, the intensity of the 
wind-off measurements is divided by the results of the intensity obtained at airflow. 
For the ideal paints, the ratio can be written as 
              
( )
( )
( )
( )0
000
,
,
,
,
TTg
ppf
TpI
TpI
≈              eq. 2.11 
If the temperature-dependency of the luminescence of the paint has been 
determined experimentally, equation 2.11 can be rewritten as 
           ( ) ( )( ) ( )0
00
0 ,
,
,
, ppf
TpI
TpITTg ≈⋅         eq. 2.12 
If temperature is known, e.g. from IR thermography, the ratio of signals obtained at 
wind-off and at wind-on can be multiplied by a single function g(T,T0) to obtain the 
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temperature-corrected pressure dependent function f(p,p0). In the non ideal case, 
the ratio of wind-off and wind-on measurements has to be multiplied by a function 
gP(T,T0), which unfortunately is dependent on pressure. Thus, the temperature 
correction becomes more difficult, if not completely impossible.[45,46] 
 
 
2.4.2. Fluorescence Lifetime Imaging (FLIM) 
 
The measurement of fluorescence lifetime is superior to the intensity-based 
approach because it is affected neither by scattering or reflection, the overall 
intensity of the light field, or by inhomogeneous thickness of the paint. Lifetime can 
be measured in the time domain or the frequency domain,[74-80] as it is 
schematically depicted in figure 2.2. 
   In the frequency domain approach, the fluorophore is excited by sinusoidal 
modulated light. The luminescence of the probe follows the excitation frequency 
with a lifetime-dependent delay. This phase shift ∆Φ is measured. Time-domain 
measurements require a square shaped light pulse for exciting the fluorophore. 
The sensor response rises and falls with a certain delay which is dependent on the 
luminescence decay time of the fluorophore. In principle, the two methods can be 
transferred into each other by Fourier transformation. The required setup for 
detecting lifetimes in the time domain is less complex and less expensive 
compared to the frequency domain approach. For example, when applying the 
frequency domain approach to CCD-based imaging, expensive image intensifiers 
          (A)                 (B) 
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Figure 2.2. Different approaches for fluorescence lifetime imaging (FLIM). (A) 
Frequency domain approach; (B) time domain approach 
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are mandatory, which can be sinusoidal modulated. Since the luminescence decay 
times of metal-ligand complexes (MLCs) are in the microsecond time scale, the 
time domain approach along with the use of MLCs is the method of choice for 
aerodynamic research and wind tunnel applications. They also enable for 
elimination of background fluorescence because it usually decays within max 100 
nanoseconds and can thus be excluded by starting the measurements after a 
certain time delay.  
   There are various methods and schemes for measuring luminescence 
lifetime. The important methods for time domain imaging are presented and 
discussed in the following.   
 
 
2.4.2.1. Phase Delay Rationing (PDR) 
 
The Phase Delay Rationing (PDR) approach is a ratiometric and intrinsically 
referenced method. The luminescence is excited with a pulsed light source and 
measured in defined time gates. In the PDR method, schematically explained in 
figure 2.3., two gated images are taken. The first gate A1 is located in the 
excitation phase of the 
probe, the second gate A2 
in its emission phase. The 
ratio of the intensities 
acquired within the two 
different time gates is 
decay time-dependent 
and represent the intrinsi-
cally referenced sensor 
response.[76,83,84]  
   For practical applic-
ations it is not essential to 
determine absolute values 
for the luminescence 
lifetime, because this 
measurement method is mainly used for imaging of changes in lifetimes, making 
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Figure 2.3. Schematic presentation of the Phase Delay 
Rationing method. The fluorophore is excited by a short 
light pulse. The luminescence is acquired in two 
different gates, one in the excitation phase (A1) and the 
other one in the emission phase (A2). 
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the knowledge of absolute lifetime values needless. When applying the same 
parameters for different measurements, the data received are highly reproducible. 
One major drawback of the PDR method is the detection of background 
fluorescence in the first gate A1, because it is located in the excitation phase. This 
makes the method hardly applicable to biological or medicinal applications like for 
instance imaging tissue or blood samples. 
 
 
2.4.2.2. Dual Lifetime Referencing (DLR) 
 
This time-resolved imaging method is tightly related to the PDR method discussed 
above. The relative positions of the gates remain the same. The Phase Delay 
Rationing method is suitable for luminescence decay time measurements in the 
microsecond time regime (when applying LEDs as light sources). In practice, 
many indicators possess a nanosecond decaying fluorescence that is strongly 
affected by the analyte. The Dual Lifetime Referencing (DLR) calibration scheme 
is based on the conversion of the fluorescence intensity information into a time-
dependent parameter. Therefore, a long decaying reference indicator is added to 
the system, being completely inert towards the analyte. Both probes are excited 
simultaneously. With the first gate A1 (see figure 2.3.) the overall intensity is 
detected, that of the indicator as well as that of the reference dye. The second 
gate (A2) is located in the emission phase of the system with an appropriate delay 
after the excitation pulse. In this way it gathers exclusively the intensity information 
of the long decaying phosphorescence of the reference dye, because the (short-
lived) fluorescence of the indicator has already decayed at this time. It is “gated 
out”. Since the intensity of the indicator (gathered in A1) contains the information 
about the analyte, whereas the phosphorescence is inert against the analyte, the 
ratio A1/A2 displays a referenced intensity distribution that reflects the analyte 
distribution.[85,86] 
   Of course, the DLR calibration method has the same drawback as the PDR 
method. The intensity in the first gate A1 is strongly influenced by the 
autofluorescence of the sample. Additionally, the sensor systems used for “DLR 
imaging” suffer from effects of photobleaching of the probes. When one of the 
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indicators bleaches to a certain extent over time, the mixed intensity recorded in 
the first gate A1 varies. This results in falsified ratios of A1/A2.  
 
 
2.4.2.3. Rapid Lifetime Determination (RLD) 
 
In the Rapid Lifetime Determination method, luminescence is detected in two 
different gates, both located in the emission phase of the indicator (A1 and A2, see 
figure 2.4.) after a square-shaped excitation pulse. The lifetime-dependent ration 
of the two intensity images represents the intrinsically referenced sensor response 
which is thus empirically calibrated against the analyte concentration. The lifetime 
of the measured luminescence can be calculated according to: 
              
2
1
12
ln
A
A
tt −
=τ                eq. 2.13 
with τ the lifetime, t1 and t2 as the times when the different gates start (relative to 
the end of the excitation pulse) and A1 and A2 the intensities gathered in the two 
gates, respectively. In other words, the lifetime-dependent ratio of the two intensity 
images represents the intrinsically referenced response of the paint. It is often 
empirically determined.[76-78,87,88] 
   For calculating the lifetime according to equation 2.13, the two time windows 
A1 and A2 have to have the same length. As in the PDR method (see chapter 
2.4.2.1), it is difficult to obtain true values for the decay time, because the equation 
is only valid for mono-exponentially decaying luminophores.[89-91] However, for 
imaging applications it is often sufficient to detect relative changes in lifetime.  
   Furthermore, the RLD method is less prone to interferences. It is not 
necessary to correct the alignment of the light field because the luminescence 
decay time is independent of the overall intensity. On account of this, also effects 
of inhomogeneous indicator distribution within the senor layer, coloration, turbidity, 
reflections, variations in the opto-electronic system, background fluorescence, and 
varying distance between surface and camera do not adversely affect accuracy. 
The method even tolerates low levels of ambient light and displacements in the 
optical setup between calibration and application measurements.[76,87] In contrast 
to the DLR method, the Rapid Lifetime Determination is not affected by effects of 
photobleaching. Even if the fluorophore has lost e.g. 50% of its luminescence 
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intensity due to bleaching, the 
relative intensities in the two 
gates A1 and A2 are reduced 
to the same extent.  
   The RLD approach is a 
very powerful tool for the 
evaluation of luminescence 
lifetimes. However, their 
calculation (see equation 
2.13) assumes monoexpo-
nential decay behaviour. The 
RLD method is often 
performed with metal-ligand 
complexes many of which 
exhibit an at least bi-
exponential decay. Hence, much effort was made in modifying the existing 
scheme to obtain more accurate data. This can be achieved by appropriate 
positioning of the gates. For bi-exponential decay, a 50% overlap of the two gates 
improves accuracy and precision of the resulting data enormously.[92] Furthermore, 
the length of the gates and the relative position to each other play an important 
role for evaluating lifetimes.[93] Two or more different τ-values are dominant for the 
slope of a multi-exponential decay curve at different times, respectively. Thus, the 
position of the gates may decisively influence the lifetime data obtained. A look at 
a bi-exponential decay curve reveals that positioning windows A1 and A2 in the 
initial part of the decay curve will result in a smaller τ than if placed at the end.  
 
 
2.4.2.4. Dual Lifetime Determination (DLD) 
 
In the majority of the cases, the signals obtained with dually sensing paints are 
separated via the spectral differences of the indicators, either by absorbance or 
emission, and are measured separately. A more elegant way consists in the 
acquisition of both signals within one measurement if they can be separated 
because of differences in the spectra and/or lifetimes.[86,94] Herein, a measurement 
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Figure 2.4. Schematic presentation of the Rapid 
Lifetime Determination method. The fluorophore is 
excited by a short square-shaped light pulse. The 
luminescence is acquired in two different gates (A1 
and A2) during the emission phase of the indicator. 
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method is presented, which was developed and improved within this work for 
characterisation of dual sensors, making spectral signal separation gratuitous (see 
figure 2.5.). This method is applicable, if the luminescence decay time of one 
indicator is at least about 10 times higher than the luminescence decay time of the 
other indicator. 
   In this calibration scheme, four gated images are taken in the emission phase 
of the fluorophores. The first two gates (A1 and A2) have the same length (gate 
width) and are positioned in the luminescence phase of both indicators, monitoring 
a mixed intensity, and hence mixed lifetime, of both probes. The second two gates 
(A3 and A4) have also the 
same gate width and are 
positioned at a time when 
the luminescence of the first 
probe has already decayed. 
They acquire exclusively the 
luminescence of the long-
decaying second indicator. 
The first two windows 
(acquiring the mixed 
lifetime) do not reflect the 
true decay time of the first 
indicator with the shorter 
lived emission. The intensity 
is influenced by the 
luminescence of the long-lived probe. The luminescence information of the first 
(short-lived) probe, and thus of the analyte concentration, is monitored by the 
resulting variation of lifetime.[95,96] They can be calculated according to equation 
2.13. Actually, the DLD method is a two-fold RLD-method, capable of detecting the 
change of the lifetimes of two different indicators at the same time.  
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Figure 2.5. Schematic drawing of the Dual Lifetime 
Determination method. After the excitation pulse, the 
first two windows A1 and A2 gather the mixed 
intensities of both indicators. A3 and A4 are positioned 
at a time when the luminescence of the first indicator 
has already decayed. 
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2.4.2.5. Alternative Schemes 
 
Modified time-resolved imaging approaches that make use of multiple gating have 
been developed for both the DLR and RLD method. This also is the result of 
advances made in CCD, LED, and laser technologies. It is possible, at least in 
principle, to obtain the complete decay function of the luminescence of an indicator 
by subsequently opening a large number of gates. The more gates are used, the 
better the resolution and the more precise are the results, this leading 
(theoretically) to an infinite number of gates, all of an infinitesimally small width.[93] 
In case of indicators of well known decay time, refining the parameter settings will 
make the data more 
precise.[90] With proper 
settings along with 
appropriate positions and 
widths of the gates it is 
even possible to monitor 
two parameters (O2, T) 
with one measurement. In 
Japanese aerodynamic 
and wind tunnel research 
at JAXA, a tailor made 
calibration scheme for the 
PSP probe platinum(II) 
tetrakis(pentafluorophenyl)porphyrin (PtTFPP) in poly(isobutyl methacrylate-co- 
trifluoroethyl methacrylate) (poly(IBM-co-TFEM)) has been developed (see figure 
2.6.).[97] 
   This method accounts for the non-monoexponential luminescence decay of 
the porhyrin. The parameters are adjusted such that all three gates have the same 
intensity at reference conditions. The ratios of the intensities of the gates are 
evaluated applying the standard RLD method: 
              ),(
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Figure 2.6. Calibration scheme for PtTFPP in poly 
(IBM-co-TFEM) applied at the Japan Aerospace 
Exploration Agency (JAXA). 
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Thus, it is possible to obtain two equations for two unknown parameters (pressure 
and temperature) by only one measurement. Accordingly, pressure and 
temperature can be measured simultaneously with just one single probe. 
 
 
2.5. Requirements and Characteristics of the Imaging Setup 
 
From what was explained in chapter 2.4, it is obvious that in order to determine 
luminescence lifetimes applying the time domain method, the components of the 
setup have to be well coordinated. The requirements and technical specification of 
the different components of an imaging setup are introduced and discussed in the 
following sections. 
 
 
2.5.1 Camera Systems 
 
Time-resolved measurements require the camera and the light source to be 
triggered synchronously in the nanosecond time regime. This can be achieved 
using an expensive image intensifier. When making use of metal-ligand complexes 
(decaying in microsecond time scale), a CCD or CMOS camera with a fast shutter 
will be sufficient and makes an image intensifier needless. It even tolerates 
interfering ambient light, which is highly practical in many applications. Cooled 
digital camera chips are adequate, due to their very low signal-to-noise ratio. 
Usually, computers control the trigger steps and the data acquisition.  
   Other systems are available for intensity signal detection but all have their 
merits and drawbacks. For example, photomultiplier tubes are capable of detecting 
weak signals, but they do not offer the possibility of imaging intensity distributions 
due to the non-selective multiplication of all incoming intensity information, 
resulting in a single overall intensity signal. Common techniques and 
configurations of the black-and-white digital cameras are specified and explained 
in the following sections. It has to be pointed out that the class of electron 
multiplying CCDs (EMCCDs) as well as the streak cameras technique are not 
discussed in the following, because they are not applicable for time-resolved 
imaging with high spatial resolution. 
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2.5.1.1 Interline Cameras 
 
Every second serial pixel column of a interline chip is covered with a thin layer of a 
light-impermeable metal such as aluminum. The “dark” pixels do not register 
incoming photons. During the readout of the chip, the light intensity information is 
transferred from the active columns to the inactive columns, being thus protected 
from re-exposure. After the transfer, the columns are shifted to the output amplifier 
and are read out.[98] The transfer of the pixels to the vicinal “dark” pixel is very fast. 
Once accomplished, the next image can be taken without the readout being 
completed. In other words, a second photo can be shot while the first on is still on 
the chip. 
 
 
2.5.1.2. Frame Transfer Cameras 
 
This kind of chip is also composed of active areas and a storage area. The active 
pixels register light intensity when exposed to light. The storage area – as in 
interline chips – is blinded. After image recording, the image information on the 
active are is transferred to the coated (inactive) region. The pixels are read, row by 
row, from this storage area. The active pixel array can be re-exposed already 
during readout.[98] The process of transferring the information to the active area is 
not as fast as the analogue process in interline chips. Furthermore, the frame 
transfer technique is susceptible to cross-talk, because the transfer of the 
information over many lines takes more time. 
 
 
2.5.1.3. Full Frame Cameras 
 
Unlike interline and frame transfer chips, full frame arrays do not possess a 
storage area. All pixels are sensitive to light. The intensity information is read row 
by row after exposure. A new image can be taken as soon as the “old” image is 
completely read by the output amplifier. This limits the speed and performance of 
the system. In addition, the full frame technique is prone to image smearing. This 
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disadvantage can be widely eliminated by the application of shutters, but this 
necessitates fast and precise triggering steps. 
 
 
2.5.1.4. Intensified CCD Cameras 
 
The intensified CCD (ICCD) chip is suitable for detecting even weak signals. 
Before reaching the chip, the incoming photons are converted to electrons by a 
photocathode. Each electron is the converted into a cloud of electrons (more than 
1000 electrons per incident electron) by a multiplier, the so-called microchannel 
plate. The cloud hits an electroluminescent screen and causes the emission of 
much more photons than initially entered the photocathode. Light is then guided to 
a CCD chip by a tapered fiber-bundle.[99,100] 
 
 
2.5.1.5. Areas of Application of the Various Cameras 
 
There are mainly four characteristics to be considered when selecting the most 
appropriate camera: visualization speed, resolution, sensitivity, and noise. A first 
differentiation has to be made between ordinary CCDs and ICCDs, because the 
different CCD techniques feature virtually the same main characteristics, however 
with differences in terms of speed.  
   CCD-based systems can acquire and process image data much faster than 
intensified cameras. However, for luminescence imaging applications, this 
advantage in speed has to be put into perspective. Luminescence usually is not of 
strong intensity. Thus, the exposure time has to be increased when using 
conventional CCD cameras, and this compromises the advantage of faster 
electronic processing. In case of low intensity, the CCDs are slower than the 
ICCDs. Intensified CCDs detect thousands of signals per incoming photon, and 
this results in better-quality images at a given exposure time. The ICCDs also are 
faster because they have fewer pixels, so less information has to be read out. 
Accordingly, the spatial resolution is not very high. On the other side, CCD 
cameras enable binning. In this process, a certain number of pixels is combined to 
form a single (combined) pixel. For example, when applying 4x4 binning, the 
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intensity will be higher by a factor of 16 but of course at only 1/16 of the spatial 
resolution. This is a very efficient way to speed up cameras. 
   The choice of the camera system also depends on the field of application. If 
the signal is low and the observed process is fast, an ICCD camera is preferable. 
However, for the bigger part of aerodynamic applications, a cooled CCD camera is 
more than adequate. The typical time needed for cooled CCD cameras to acquire 
a single image is ~100 ms (including parameter transfer from the computer to the 
camera and image readout), depending on the amount of pixels and number of 
bits. The intensity of the luminescence emitted by the indicator dye also depends 
on the brightness of the light source. However, in case of indicators with low 
absorbance and low quantum yield, in case of weak light sources, and of imaging 
over large distances, ICCD cameras are clearly preferable.  
   The performance of any camera system is limited by several noise sources. 
They can be divided into three main types: shot noise, dark current noise and 
readout noise. The shot noise is an inevitable effect based on the quantum nature 
of photons. It emerges from statistical variations in the overall number of photons 
emitted from the object (indicator). This noise source is the limit for any camera 
system in terms of signal-to-noise ratio (SNR). 
   CCD chips are made of silicone. In this kind of substrate, temperature can 
generate electrons. Hence, there is a temperature-dependent current in CCD 
chips causing the so-called dark current noise. Cooling the chip can significantly 
reduce the dark current. For example, a non-cooled chip might generate a dark 
current of approx. 300 e/s/pixel at 20 °C. This effect can be reduced to a value of 1 
e/s/pixel when cooling the chip down to -40 °C. However, the dark current effect is 
reproducible for a given temperature and can thus be corrected by dark image 
subtraction.[101] 
   After exposing the CCD chip to light, the generated charge on each pixel has 
to be digitalized and processed. Therefore, the charges have to be shifted and 
amplified. It may then happen that electrons are left behind or change their relative 
position. This effect causes the readout noise which is thus dependent on the 
frame rate. 
   The SNR of a CCD is limited by the readout noise, especially at low light 
intensity. Under these conditions, the SNR of ICCDs is shot-noise limited which is 
the ideal case for any camera system. As it was said before, ICCD outperforms 
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the cooled CCD at low light conditions, until the limit of approx. 400 photons per 
pixel is reached. At values grater than that, the cooled CCD is preferable.[101] 
 
 
2.5.2 Light Sources 
 
Light sources are expected to have high output and – in case of time-resolved 
measurements – to allow for high pulse frequencies. Lasers represent the ideal 
form of such light sources. However, certain types of lasers are expensive, and the 
available wavelengths are limited. More seriously, the laser beam is rather 
focused. Thus, only a confined area of the paint is excited. For imaging a whole 
aircraft model, a scanning system has to be installed. This increases the 
complexity of the setup. Alternatively, the laser may be guided to the site of 
interest by applying lenses, mirrors, and/or fiber optics. This has become shown to 
work for pressure or temperature imaging using microplates or confocal 
microscopes.[85,102,103] Laser diodes are particularly attractive in being compact, 
easy to drive, and (mostly) suitable for high frequency operation. They cover the 
wavelength range from 280 nm to above 2000 nm, but those of λ < 370 nm are 
expensive. 
   With a wavelength range from approx. 250 nm up to 600 nm, mercury lamps 
and xenon flash lamps are most useful. Almost any desired excitation wavelength 
can be chosen by using appropriate optical filters. These systems are rather 
compact.  
   Light emitting diodes (LEDs) are the light sources of choice due to their low 
costs, compactness, output, efficiency, pulse rates, and flexibility. LEDs can be 
triggered in the nanosecond timescale, are bright and easy to handle, thereby 
reducing the demands on the experimental setup. They are mostly employed in 
the dorm of LED arrays (“batteries”). 
   Given the number of possible combinations of materials for use in PSPs and 
TSPs, of possible spectroscopic schemes (from intensity to decay time resolution), 
of geometries, cameras, and light sources, it does not come as a surprise, that 
there is no generally applicable approach. 
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2.6. State of the Art 
 
PSPs and TSPs have been, and are, widely applied to aerodynamic wind tunnel 
testing. In cooperation between NASA and the University of Washington, dual PSP 
systems were developed that make use of the platinum porphyrin PtTFPP or the 
platinum porpholactone PtTFPL (structures see chapter 2.3.1.) as oxygen-
sensitive probes, and e.g. a magnesium meso(pentafluorophenyl)porphyrin as a 
reference probe. All components are incorporated in fluorinated block polymers 
such as FIB as binder.[18,36,46,104,105] 
   Intense research also is being performed in Japan within the MOSAIC 
(molecular sensors for aerodynamic research) project and its subsequent 
programs. The PSPs are based on the use of ruthenium polypyridyl complexes 
and on platinum porphyrins. New binders and polymers with superior permeability 
for oxygen also were developed. New approaches like the anodized aluminum 
PSP and polymers acting as pressure-sensitive probes were elaborated, and the 
accuracy and performance of existing paints were improved. [106-120] 
   Polycyclic aromatic hydrocarbons (PAHs) like pyrene, pyrene butyric acid, 
pyrene sulfonic acid and their derivatives have had a large impact on wind tunnel 
research. The PSPs used in Europe are mainly based on pyrene derivatives, and 
are applied in aerodynamic research facilities like those of DLR (Germany),[121,122] 
ONERA (France),[123,124] and BAE Systems (UK).[125] 
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As mentioned in chapter 2, there is no ideal pressure- or temperature-sensitive 
paint suitable for all kinds of wind tunnel applications. There are several types of 
wind tunnels with certain specifications and setups, designed and built for different 
areas of research, respectively. Thus, it is obvious that pressure-sensitive and 
temperature-sensitive paints have to be prepared and optimized for various types 
of applications. The different wind tunnel systems and their specifications along 
with complementary possibilities for analyzing the surface of interest (e.g. aircraft 
models) are discussed in the following chapter. 
 
 
3.1. Wind Tunnels and Model Analysis 
 
Wind tunnels are facilities to investigate the aerodynamic and aeroacoustic prop-
erties and effects when air is moving around or over solid objects. The heart of a 
wind tunnel is the fan (or arrays of fans), a nozzle to accelerate the air flow, one or 
more flow rectifiers to guarantee laminar air flow, and the measurement section 
where the model is mounted. Wind tunnel tests are most often applied for aircraft 
or car models, turbo machines, and rotors. However, other objects such as 
skyscrapers, chimneys, or bridges gained in importance during the last years. It is 
obvious that different flow velocity and experimental setups are needed for all 
these different systems of interest.  
 
Table 3.1. Different types of wind tunnels and the speed of air flow they generate. 
  type of wind tunnel flow velocity [Mach] 
 
  low speed: subsonic 0 < Ma < 0.3 
high speed: high subsonic 0.4 < Ma < 0.75 
 transonic 0.75 < Ma < 1.2 
 supersonic 1.2 < Ma < 5 
 hypersonic 5 < Ma < 15 
CHAPTER 3 
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Even if considering aircraft models only, there are different types of wind tunnels 
depending on the type of aircraft. The different types of wind tunnels can be 
classified due to the flow velocity they generate (see table 3.1).[1] No matter which 
air flow speed is applied, the model of interest as well as its influence on the air 
flow has to be analyzed. Therefore, optical methods are preferred, because they 
itself do neither interfere with the air flow nor the model. Important parameters to 
be analyzed during a wind tunnel test are e.g. air flow field around the model, 
changes in the object itself, temperature and heat transfer, and of course absolute 
pressure and pressure changes on the surface of the model. Some of the methods 
applied are given in table 3.2. 
 
Table 3.2. Optical methods for determining important parameters in aerodynamic wind 
tunnel research 
Parameter Method Ref. 
   flow field particle image velocimetry (PIV) [2] [3] 
 background oriented schlieren method (BOS) [3] [4] 
 temperature-sensitive paints (TSP) [5] 
   deformation Moiré interferometry [6] [7] 
 image pattern correlation technique (IPCT) [8] 
   pressure pressure-sensitive paints (PSP) [9] [10] [11] 
   temperature temperature-sensitive paints (TSP) [11] [12] [13] [14] 
 IR thermography [15] [16] [17] 
 
The methods mentioned in table 3.2 are only the optical approaches for 
quantifying important parameters like e.g. deformation or translation of parts of the 
model (IPCT, Moiré), absolute pressure/temperature and pressure/temperature 
gradients (PSP/TSP, IR-thermography) on the surface or transition from laminar to 
turbulent flow (PIV, BOS), just to mention a few. They are often combined with 
non-optical methods like e.g. pressure determination with pressure taps. 
Furthermore, the different techniques often are combined in order to obtain 
maximum data precision or to compensate for undesired side-effects.  
   One of the most important variables in aerodynamic research is the so called 
Reynolds number Re. It specifies the ratio of inertial forces to viscous forces and 
can be written as:[18] 
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 Re             eq. 3.1. 
with ρ as the density of the medium, ν  the velocity of flow, L the length of the 
object, and η the dynamic viscosity. This dimensionless number describes the 
relation between size and speed of an object in a given medium (air, water,…). 
More precisely, a definite Reynolds number can be assigned to e. g. a passenger 
plane travelling in cruising altitude at a certain speed. Studying a model of this 
passenger plane in a wind tunnel at the same speed will result in erroneous data. 
This is due to a) the smaller size of the model and b) the different density of the air 
flow in the wind tunnel and in the plane’s cruising attitude. In other words, the 
Reynolds numbers of both systems differs.[18,19] To overcome this effect, it is 
possible to decrease the temperature and to increase the density (and therewith 
decrease viscosity) of the air in the wind tunnel. The latter is accomplished in 
cryogenic wind tunnels by cooling down the air with liquid nitrogen. 
   It becomes obvious, that the different methods for analysing an aircraft model 
(see table 3.2) are not applicable to all wind tunnel systems. IR-cameras for 
example can not be used in cryogenic wind tunnels, due to their very poor 
performance at low temperatures. PSPs and TSPs are very versatile systems for 
optical sensing. Existing paints can be tuned or new systems can be invented to 
meet the requirements of given aerodynamic tasks. In other words, by choosing 
appropriate indicator molecules, materials for particles, and polymer binders, new 
paints can be tailor-made for certain areas of application.  
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3.2. The System PtTFPL and Ru(phen)3(TMS)2/PAN in FIB 
 
As mentioned above, every single component of a PSP/TSP system has to be 
chosen such, that it meets the requirements of the aerodynamic problem. They 
have to be fine-tuned to exhibit maximum accuracy and precision in the given area 
of application. In the course of this dissertation, a new approach for a dual 
PSP/TSP for subsonic and/or transonic wind tunnel applications was elaborated. 
The choice of the components and their optical and chemical properties are 
explained and discussed in the following chapters. 
 
 
3.2.1. Choice of Materials     
 
The materials applied in the paints have to fulfil certain prerequisites. They have to 
be sensitive in the desired pressure and temperature range, be photostable, and 
exhibit high extinction coefficients and quantum yields. The response time has to 
be very short and the paint has to be sprayable with excellent adhesion on the 
model.  
 
 
3.2.1.1. PtTFPL 
 
Pt2+ and Pd2+ porphyrins are well established indicators for gaseous and dissolved 
oxygen (DO).[20] They have distinct opto-chemical advantages compared to other 
metal porphyrins or their free base.[21,22] Thus, various platinum and palladium 
porphyrin species were invented and applied for optical oxygen sensing. The most 
successful compounds are summarized in table 3.3. 
 
Table 3.3. Platinum(II) and palladium(II) porphyrin complexes applied for optical oxygen 
sensing  
porphyrin system (acronym) a) metal 
  octaethyl porphyrin (OEP) Pt2+, Pd2+ 
octaethyl porphyrin ketone (OEPK) Pt2+, Pd2+ 
tetrakis(pentafluorophenyl) porphyrin (TFPP) Pt2+, Pd2+ 
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tetrakis(pentafluorophenyl) porpholactone (TFPL) Pt2+ 
tetraphenyl tetrabenzo porphyrin (TPTBP) Pd2+ 
                               a)  for exact IUPAC nomenclature, please see chapter  
         “Abbreviations, Acronyms, and Symbols” 
 
All the metallo-porphyrins mentioned in table 3.3 exhibit some extraordinary 
properties. They show, besides at least one Q-Band, an intense absorption band 
around 400 nm, the so-called B-band or Soret-Band, where the molecule can be 
excited directly into the S2-state. Therefore, the absorption coefficients are very 
high. They all possess a large Stokes’-shift, facilitating the separation of excitation 
light from the luminescence. Typical luminescence lifetimes are in the range fromf 
50 µs – 150 µs for the Pt-porphyrins and 250 – 1600 µs for the analoguous 
palladium complexes. The optical properties of the different porphyrins are 
summarized in table 3.4. 
 
Table 3.4. Photoluminescence properties of Pt2+ and Pd2+ porphyrins applied for optical 
oxygen sensing 
compound λabs(max) 
[nm] 
λem(max) 
[nm] 
φ [%] τ [µs] Ref. 
      PtOEP 381, 535 646 ~ 50 a) 100 a) [20] [23] 
PdOEP 393, 512, 546 663 ~ 50 a) 770 a) [20] [24] 
PtOEPK 398, 592 758 12 a) b) 60 a) b) [25] [26] 
PdOEPK 410, 603 790 1 a) b) 455 a) b) [25] [26] 
PtTFPP 395, 541 648 9 a) b) 50 a) b) [27] [28] 
PdTFPP 406, 518, 552 653 21 c) 1650 c) [29] 
PtTFPL 392, 527 745 60 c) 70 c) [30] [31] 
PdTPTBP 450, 625 795 8 a) d) 250 a) d) [32] [33] [34] 
    a) room temperature   b) ambient air  c) at 77 K  d) absence of oxygen 
 
One prerequisite set by us was that the indicators had to be excitable with LEDs, 
preferably at 405 nm. The pressure-sensitive probe should exhibit good sensitivity 
and precision in the range from ~700 mbar up to ~1300 mbar. Particularly, the 
palladium porphyrins are almost fully quenched in this region. This effect can be 
compensated for by embedding the probes into polymer particles with a medium 
oxygen permeability coefficient P, thus extending the dynamic range of pressure 
determination. However, the encapsulation of the dyes in these kinds of polymers 
CHAPTER 3   Dual PSP and TSP for Wind Tunnel Applications 
 - 43 - 
will increase the response time of the system, which is not desirable for possible 
unsteady measurements. 
   From the group of Pt-compounds, the octaethyl porphyrin (PtOEP) suffers 
from substantial photobleacing and is therefore not feasible for wind tunnel 
applications. Further developments of these porphyrin systems yielded in the 
octaethyl porphyrin ketones (PtOEPK, PdOEPK).[25,26] They are 10 times more 
photostable than the OEP analogues.[20] 
   The highly fluorinated complexes PtTFPP and the corresponding lactone 
PtTFPL are the most stable metalloporphyrins. Their perfluorophenyl substituents 
represent strong electron- 
withdrawing groups and 
therefore raise the redox 
potential of the system and 
diminish the electron 
density of the porphyrin 
ring.[20,27,35] These effects 
render the pentafluorphenyl 
substituted complexes Pt-
TFPP, PdTFPP, PtTFPL) 
not susceptible for photooxi-
dation and -reduction. One 
crucial advantage of the PtTFPL compared to PtTFPP is the red-shifted emission 
(~ 100 nm, see table 3.4). Absorption and emission spectra of PtTFPL are 
depicted in Fig 3.1. The NIR emission of the porpholactone offers more 
possibilities for the combination with temperature probes, because most of them 
emit in the red region of the spectrum.  
 
 
 
 
 
 
 
 
375 450 525 600 675 750
0.0
0.2
0.4
0.6
0.8
1.0
0.0
0.2
0.4
0.6
0.8
1.0
 
In
t. 
[n
o
rm
.
]
A
bs
.
 
[n
o
rm
.
]
wavelength [nm]
Figure 3.1. Normalized absorption (line) and 
emission (dashed) spectra of PtTFPL in toluene 
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3.2.1.2. Ru(phen)3(TMS)2 in Poly(acrylonitrile) 
 
Unlike probes for optical oxygen sensing, indicators for temperature are not very 
numerous. There are mainly two types of compounds suitable for temperature 
sensing besides the inorganic thermographic phospors: Eu3+ and Ru2+ complexes. 
Many of the Eu metal-ligand complexes are only excitable in the UV and are 
therewith not compatible with 405 nm LED excitation. They all show the typical 
narrow Eu emission at 614 nm (5D0). Special compounds were designed during 
the last 5 years that extend the absorption range into the visible part of the 
spectrum.[30,36,37] However, they all are not easy to synthesize and are somewhat 
chemically instable (e.g. towards polar solvents), making them hard to apply in 
aerodynamic research. 
   Ruthenium(II)-imine complexes are very attractive compounds for optical 
sensing. They exhibit fairly large extinction coefficients, good luminescence 
quantum yields, and are photostable. Their typical brightness Bs is between 1,000 
and 20,000. On this account, they are well established in the area of optical 
sensing of various compounds.[38-40] As it can be seen, the Ru-imine complexes 
often respond to more than one analyte, which is not very desirable for application. 
For example, the ruthenium tris(4,7-diphenyl-1,10-phenanthroline) (Ru(dpp)32+) 
also is a common probe for oxygen sensing.[41-45] The related ruthenium tris(1,10-
phenanthroline) (Ru(phen)32+) exhibits more or less the same spectral properties, 
but its oxygen sensitivity is reduced to a certain extent. The major advantage of 
these kinds of Ru-complexes is the possibility to block possible interferents (e.g. 
oxygen) by the choice of appropriate polymer matrices.[46] On this account, Ru(II)-
imine complexes are common probes for temperature. Some of the ruthenium 
complexes applied for temperature sensing are summarized in table 3.5. 
 
Table 3.5. Some of the Ru(II)-imine complexes applied in TSP formulations. These are the 
basic structures from which a huge variety of derivatives was introduced for T-sensing.  
compound a) binder T-range Ref. 
    Ru(bpy)32+ shellac 0 °C to 80 °C [5] 
Ru(trpy)22+ DuPont ChromaClear - 175 °C to -85 °C [47] 
Ru(phen)32+ poly(acrylonitrile) 0 °C to 60 °C [36] [46] [48] 
     a)  for exact IUPAC nomenclature, please see chapter “Abbreviations,  
      Acronyms, and Symbols” 
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   The Ru(phen)32+ complex shows a broad absorption band between 300 and 
500 nm and is therefore fully compatible with 405 nm LED excitation. The broad 
emission band between 550 
and 700 nm does not 
interfere with the emission of 
the oxygen indicator PtTFPL, 
and its luminescence is 
temperature-dependent in the 
range from 0 °C to 60 °C. It 
can be easily encapsulated 
into poly(acrylonitrile) (PAN) 
particles in a very straight-
forward procedure. Amongst 
the group of gas-blocking polymers, PAN possesses the lowest gas permeability 
coefficient P of 1.5⋅10-17 cm2⋅Pa⋅s-1.[49] The normalized absorption and emission 
spectra of Ru(phen)32+ are depicted in figure 3.2. 
 
 
3.2.1.3. FIB Matrix Polymer 
 
Ever since the early days of optical sensing, improving matrix polymer systems 
required strong development efforts.[50] From poly(styrene) as standard polymer, 
over sol-gel materials[46,51] and silicones,[52,53] the scientist discovered and 
improved more and more oxygen-permeable binders. They soon realized the 
benefits of fluorinated poly(methacrylate) block polymers. Polymers like 
poly(isobutyl methacrylate-co-trifluoroethyl methacrylate) (poly(IBM-co-TFEM)) or 
poly(hexafluoroisopropyl methacrylate-co-heptafluoro-n-butyl methacrylate) (FIB) 
exhibit extraordinary oxygen permeability, are chemically and mechanically stable, 
and, unlike many of the silicones, are feasible for unsteady measurements.[54-57] 
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Figure 3.2. Normalized absorption (line) and 
emission (dashed) spectra of Ru(phen)32+ in ethanol 
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3.2.2. Intensity versus Time-Resolved Imaging 
 
As outlined in Chapter 2, lifetime-based imaging offers substantial benefits 
compared to intensity-based imaging. Time-resolved imaging schemes like the 
Rapid Lifetime Determination or the Dual Lifetime Determination are self-
referenced methods. They are independent of external influences (e.g. ambient 
light) or intrinsic interference factors (e.g. autofluorescence, dye concentration, 
photobleaching etc.).[58,59] At a closer look the question arises, if these 
spectroscopic methods are comparable in terms of signal deconvolution and 
resolution. A sensor layer consisting of PtTFPL in poly(IBM-co-TFEM) was 
calibrated applying different calibration schemes to evaluate these effects (see 
sections 3.5.3 and 3.5.4 in the Experimental Part). The sensor was mounted in the 
calibration chamber (see Experimental Part) and calibrated using a) intensity 
measurements, b) the classical RLD method, and c) time-resolved imaging with 
different gate widths. The gate settings applied are schematically depicted in figure 
3.3. 
 
 
 
 
 
 
 
 
 
 
The luminescence of the system is recorded during the excitation pulse, when 
measuring intensity (see Fig 3.3 A)). Therefore, the intensity is very strong. Due to 
the proneness to errors like uneven dye distribution in the sensor, the intensity 
signal I is referenced against a standard intensity value I0 or Iref. In case of 
aerodynamic research, these reference pictures are often the so-called wind-off 
images (see chapter 2). Two gates A1 and A2 are taken in the luminescence period 
of the system in case of the Rapid Lifetime Determination (RLD) scheme (see Fig. 
3.3 B)). The ratio of the intensities in these two gates is used to calculate 
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Figure 3.3. Schematic of the spectroscopic methods applied for sensor calibration. A) 
intensity measurements; luminescence is acquired during the excitation pulse. B) 
classical RLD method with two gates with the same width in the luminescence period; 
C) time-resolved method with two gates of different width in the luminescence period. 
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luminescence lifetimes (see eq. 2.13). When the intensity of the indicator is 
reduced (e.g. due to oxygen quenching), the intensity in both gates is reduced to a 
certain extent. The signal change is further “mathematically” reduced when 
calculating A1/A2. An overlap of the gates of 50% to 75% is proposed for maximum 
lifetime precision when dealing with unknown lifetimes.[60,61] However, these 
settings are inadequate for determining lifetime changes over a wider range (see 
figure 3.4). Several optimized gating schemes were proposed in order to 
overcome the drawbacks of the standard RLD method.[10,62] Gates with different 
widths are set during the 
luminescence time of the 
indicator (e.g. A1=15 µs, 
A2=30 µs) to get rid of 
the poor signal change 
(see Fig. 3.3 C)). This is 
of particular advantage, 
because the signal 
change is much higher 
than in the standard 
RLD method and the 
parameters can be 
easily adjusted to the 
dynamic range of interest. The calibration data of the sensor applying the different 
spectroscopic schemes are depicted in figure 3.4. As it can be seen, the results 
obtained with the optimized gating approach are comparable with those of the 
intensity measurements. The RLD method on the other hand is hardly applicable 
over a large pressure range. The optimized time-resolved method furthermore 
entails the benefits of intrinsically referenced methods, and is therefore superior to 
intensity measurements. It turned out, that the best results can be achieved, when 
the first gate A1 is opened during the excitation pulse (data not shown). 
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Figure 3.4. Comparison of the three different calibration 
schemes: standard RLD method (C; black), intensity (B; 
blue), and optimized gating scheme (A; red). 
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3.3. Application of the Paint 
 
The feasibility of the system PtTFPL as oxygen probe and Ru(phen)3(TMS)2/PAN 
as temperature probe in FIB as matrix polymer was investigated in the facilities of 
the German Aerospace Center (Deutsches Zentrum für Luft- und Raumfahrt, 
DLR), from March 6. -14. 2008 at the Institute of Aerodynamics and Flow 
Technology in Göttingen, Germany. 
 
 
3.3.1. Composition and Coating Tests 
 
In order to study the adhesion properties of the system, 3x3 cm2 aluminum plates 
were coated with different compositions of the paint (see table 3.6). The aluminium 
supports were pre-coated with a Cloucryl® / titanium dioxide screenlayer. Tests 
were conducted with poly(IBM-co-TFEM) and later with FIB (both provided by Dr. 
V. Ondrus from the University of Hohenheim, Germany). Different solvents for 
spraying were tested in order to improve spraying results and to minimize the 
toxicity. Some of the paint compositions are given in table 3.6. The samples were 
prepared in an analogous procedure like described in section 3.5.3 in the 
Experimental Part. 
 
Table 3.6. Composition of the paints applied for coating tests on alumina plates 
content [mg/mL] sample 
No. particles PtTFPL polymer 
    1 3.040 0.100 101.060 
2 3.020 0.050 100.140 
3 3.040 0.025 100.220 
4 1.520 0.050 100.140 
5 1.040 0.050 100.080 
6 0.680 0.050 101.320 
7 1.980 0.050 50.420 
8 2.040 0.050 26.020 
9 1.014 0.100 100.114 
10 1.040 0.100 50.400 
 
CHAPTER 3   Dual PSP and TSP for Wind Tunnel Applications 
 - 49 - 
It turned out that the solvents ethylacetate, tetrahydrofurane, toluene, and 4-
chloro-α,α,α-trifluorotoluene (4-chlorobenzotrifluoride) were appropriate for 
spraying. Other solvents like methanol or chloroform did dissolve the components 
of the paint as well, but were not well sprayable. 
   The samples 9 and 10 were also prepared with FIB as matrix polymer and 4-
chloro-α,α,α-trifluorotoluene as solvent. Again, the paints were sprayed onto pre-
coated aluminum plates. The samples were then mounted in a calibration chamber 
and the luminescence spectra were taken at different air pressures (see figure 
3.5). The paints just differ in the amount of matrix polymer (FIB). However, the 
signal of the Ru(phen)3(TMS)2/PAN particles in sample 9 is much higher than that 
in sample 10. This is most probably due do the better adhesion of the particles 
because of the higher amount of binder in sample 9. The pressure range in the 
planned wind tunnel test is expected to be between approx. 800 mbar and 1100 
mbar. Hence, the composition of sample 10 was adapted for the coating of the 
aircraft model, because the ratio of the signals of Ru(phen)3(TMS)2/PAN and 
PtTFPL is more advantageous at higher pressures.  
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Figure 3.5. Luminescence spectra of A) sample 9 and B) sample 10 at an excitation 
wavelength of 405 nm. 
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3.3.2. Wind Tunnel Test 
 
The coating of the aircraft model is described in the following section. 
Furthermore, the wind tunnel and its specifications are presented. The experi-
mental setup for time-resolved imaging, along with the aerodynamic measure-
ments are presented and discussed.  
 
 
3.3.2.1. Aircraft Model and Experimental Setup 
 
A classical delta wing (see figure 3.6) was chosen as a model system for the 
aerodynamic measurements. This wing configuration is well known and the flow 
effects on this system are fully explored and understood.[63] The delta wing model 
is equipped with 48 pressure taps for pointwise pressure determination. The taps 
as well as three PT-100 temperature sensors are mounted on the right half of the 
delta wing. The required components were installed inside the wing for not altering 
the surface properties (and therewith the air flow over it).  
   The delta wing was pre-coated with a Cloucryl® / titanium dioxide screenlayer 
to increase the luminescence intensity during the measurements. The dual 
PSP/TSP was deposited onto this highly reflective basecoat. A total amount of 11 
mg of PtTFPL, 110 mg of the Ru(phen)3(TMS)2 / PAN particles, and 5.5 g of the 
FIB polymer, altogether in 110 mL of 4-chloro-α,α,α-trifluorotoluene was sprayed 
onto the upper side of the model. All spraying steps – coating with screenlayer as 
well as spraying the binary paint – were performed by Dr. Christian Klein from the 
 
 
Figure 3.6. The delta wing model applied for aerodynamic measurements; left: bottom 
side, right: upper surface; 
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Institute of Aerodynamics and Flow Technology of the DLR in Göttingen. The paint 
was allowed to dry over night. Markers were set onto the delta wing (see figure 
3.7) in order to guarantee an unambiguous data evaluation after the 
measurements. The different probes of the paint are imaged with two different 
cameras, both of them in a slightly different angle towards the model. The markers 
allow the evaluation software to compensate automatically for this effect. 
   The measurements were conducted at the 1 meter low-speed wind tunnel in 
Göttingen. This facility is an open wind tunnel with a one meter test section (see 
figure 3.8, left panel). The maximum flow velocity is 65 m/s. The delta wing model 
was attached to an angle transmitter and mounted in the test section of the wind 
tunnel (see figure 3.8, right panel). The angle transmitter allows for remote 
changing of the angle of attack relating to the air flow in the wind tunnel. All 
1
2
 
 
Figure 3.7. Left: the completely coated delta wing (screenlayer and paint); Right: part 
of the right wing with the markers (1) and the pressure taps (2) 
 
 
Figure 3.8. Left: the 1-meter low-speed open wind tunnel at the Institute of 
Aerodynamics and Flow Technology of the German Aerospace Center (DLR) in 
Göttingen. Right: the delta wing attached on the angle transmitter and mounted in the 
measurement section of the wind tunnel. 
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components of the delta wing (pressure taps, PT-100…) were connected to the 
read-out electronics for online monitoring of pressure and temperature.  
   Time-resolved luminescence measurements were performed applying two 
high power LED pods mounted directly above the delta wing aircraft model (see 
figure 3.9). The luminescence was perceived with two PCO 4000 digital black-and-
white CCD cameras. They were equipped with two optical filters for separating the 
signal of interest (PtTFPL for pressure and Ru(phen)32+ particles for temperature), 
respectively. They were also mounted above the test section, in close vicinity to 
the light sources (see figure 3.9). Additionally, an IR-camera was installed to verify 
the temperature data received from the temperature probe of the dual paint. All 
components were connected to the electronics in the measurement and control 
station for triggering the components and for remote data acquisition.  
 
 
 
 
 
 
 
 
 
 
 
1
2 3
 
 
Figure 3.9. Left: experimental setup for time-resolved imaging with (1) two high power 
LED pods, (2) two PCO 4000 CCD cameras, and (3) one IR-camera. Right: the 
complete setup mounted directly above the measurement section. 
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3.3.2.2. Results  
 
3.3.2.2.1. Calibration 
The prepared paint composition (see section 3.5.3) was additionally sprayed on 
aluminum plate (pre-coated with a screenlayer) and was calibrated in a pressure 
cell. The same cameras and filters as applied in the wind tunnel test were used. All 
calibration results were performed by Dr. Ulrich Henne from the Institute of 
Aerodynamics and Flow Technology of the German Aerospace Center (DLR) in 
Göttingen. The calibration data reveal that both the temperature and pressure 
probe exhibit the same temperature dependence (except for a factor) between 10 
°C and 30 °C (see figure 3.10). This is advantageous for the application, because 
the compensation for temperature effects of the pressure probe can be 
accomplished by simply dividing the data from the pressure probe by those of the 
temperature probe. The temperature dependence between 10 °C and 30 °C is 
1.2%/K. All the calibration measurements were repeated several times and a 
deviation in the results of 0.6% was found. This corresponds to a reproducibility of 
0.5 K. The pressure cross-sensitivity of the temperature probe is rather low. The 
signal change in a range of 200 mbar is only 1%, between 10 °C und 30 °C only 
0.5%. 
   The pressure dependence of the pressure probe is 25, 35, 50, and 70%/bar 
at 10 °C, 20 °C, 30 °C, and 40 °C, respectively. In other words, the data show a 
very high temperature cross-sensitivity of the pressure probe PtTFPL. This is a 
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Figure 3.10. Results of the calibration. A) Temperature dependence of the temperature-
sensitive and pressure-sensitive probe, respectively. B) Normalized pressure 
dependence of the pressure-sensitive probe. 
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drawback in terms of application for pressure determination on aerodynamic wind 
tunnel models. First of all, the easy temperature compensation method mentioned 
above can not be applied. Furthermore, a very precise determination of the 
absolute temperature is essential. The most severe problem is the reproducibility 
of pressure determination. Repeating the measurements after calibration at 10 °C 
and 30 °C, respectively, result in a deviation up to 3.2%. Hence, the reproducibility 
of pressure determination is worse than 120 mbar. It seems as if the paint is 
affected by an aging process, caused either by heating the system to 40 °C or by 
the excitation light. 
 
 
3.3.2.2.2. Image Design 
The results of the wind tunnel test are presented and discussed in the following. 
All figures of the measurements are pseudo color images of the ratio of the 
different gates. These ratio values are used for determining pressure and 
temperature on the surface of the aircraft model. In all the figures of pressure and 
temperature measurements applying the dual paint, the minimum values are 
displayed in blue color, and the maximum values in red (see figure 3.11). For the 
temperature measurements with the IR-camera, the minimum temperature is 
displayed in dark blue, whilst the maximum temperature is bright yellow / white 
(see figure 3.11). The temperature and ratio value ranges are denoted in the 
respective figure captions. 
 
 
A) 
 
 Min                               Max 
 
B) 
 
 Min                                  Max 
 
Figure 3.11. Color asignment of the pseudo color images. A) ratio images of pressure 
and temperature determination with the PCO 4000 cameras and B) temperature 
determination applying the IR-camera. 
CHAPTER 3   Dual PSP and TSP for Wind Tunnel Applications 
 - 55 - 
3.3.2.2.3. Raw Images 
The ratio images are used for the evaluation of the results of time-resolved 
measurements. The back-
ground is already subtracted 
from these images. The exact 
determination of lumines-
cence lifetime is not of interest 
for aerodynamic research. 
The pseudo color images 
shown in the following 
sections display the surface 
structure on a 3D model, and 
not the raw pixel based 
images. This enables for 
comparison and evaluation of 
results obtained for different 
angles of attack. 
   When evaluating the 
data from the pressure probe 
of the “wind-off” images, a 
clear structure is visible on the 
surface of the delta wing (see 
figure 3.12 A)). This effect is 
very exceptional, because, – 
obviously – there is no air flow 
applied for acquiring these 
“wind-off” images. A constant 
ratio value over the whole 
surface area is expected, due 
to the absence of pressure 
gradients. The data from the 
temperature probe also show 
an inhomogeneous distri-
bution over the surface (see 
A)  
 
B) 
 
C) 
 
 
Figure 3.12. Ratio images of A) the pressure probe 
(ratio 0.378 – 0.462) and B) the temperature probe 
(ratio 0.783 – 0.957) under „wind-off“ conditions. 
C) is the image obtained by the IR-camera (T= 19 
°C – 21 °C). 
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figure 3.12 B)), even though there is nearly no difference in temperature on the 
aircraft model, as it is proven by the IR-camera (see figure 3.12 C)). The 
deviations from homogeneity are more pronounced on the left part of the model. 
This is the area where the model was cleaned with toluene before the coating with 
the paint. The deviations cause changed ratio values in the images and falsify the 
pressure and temperature measurement. The calculated deviations in the ratio 
image of the pressure probe are ±10%. This corresponds to a pressure deviation 
of  ± 285 mbar at 1000 mbar and 20 °C. Deviations of this dimension render the 
system not feasible for aerodynamic measurements, if it is not possible to 
compensate for these effects. Furthermore, the deviations in the ratio images of 
the temperature probe are also very high. At 1000 mbar and 20 °C, a deviation of 
± 8 K is found, which also is insufficient for any application. Unfortunately, the 
structures are different in the two ratio images, so it is not possible to compensate 
by simply dividing the two ratio images. However, using the “wind-off” images as a 
reference for the “wind-on” images, like it is done when applying the intensity 
method, it is possible to compensate for these effects. This can be shown when 
regarding the results from the measurements at different angles of attack (α). In 
figure 3.13, the ratios of two different ratio images, one at α = 10° and the other at 
α = 26°, are displayed. Evaluation of these images reveals that the deviations are 
ten times smaller than they are in the unreferenced ratio images. In other words, 
the paint is applicable for aerodynamic measurements when the results are 
referenced with “wind-off” images. 
 
A)                  B) 
 
Figure 3.13. Referenced ratio images of A) the pressure probe (ratio 0.97 – 0.99) and 
B) the temperature probe (ratio 0.97 – 0.99). The full scale of the color palette 
corresponds to a deviation of ± 1%. 
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In contrast to intensity imaging, the reference image has to be taken only once. 
This means that one reference “wind-off” image has to be taken before starting the 
measurements, which is then applicable to all measurements at any angle of 
attack. However, the signal-to-noise ratio (SNR) is worse compared to intensity 
measurements (see figure 3.17)), due to the lower overall intensity.   
 
 
3.3.2.2.4. Temperature-Sensitive Probe 
To test the correct operation of the temperature probe, the reference image of the 
“wind-off” image before and after a measurements cycle was compared with the 
respective data of the IR-camera. The images show the same surface temperature 
distribution (see figure 3.14). The wing tips in the rear of the model are the coolest 
areas, because they cool down more quickly than the rest of the model after being 
heated up during the measurement cycle. The ratio image shows a variation of 
9%, which corresponds to a temperature change of 7.5 K. These results are in 
good agreement with the values obtained by the IR-camera. In fact, the 
temperature of the model has risen from 20 °C to 27 °C. There is a deviation of 
only 0.5 K between the results obtained by the temperature probe of the dual paint 
and those of the IR-camera.    
 
 
 
 A)                  B) 
 
 
Figure 3.14. Temperature distribution on the delta wing after one measurements cycle 
obtained with A) the IR-camera (temperature range 25 C – 28 °C) and B) the 
temperature probe Ru(phen)3(TMS)2/PAN of the dual paint (ratio 0.9 – 0.935). 
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3.3.2.2.5. Pressure-Sensitive Probe
 
An operational test was also performed with the pressure probe PtTFPL of the 
dual paint. To check the temperature cross-talk, the same data points as 
mentioned above were 
evaluated (“wind-off” images 
before and after a measure-
ment cycle). There is a mean 
ratio of 0.90 between the two 
images. Surprisingly, this 
deviation is not only an effect 
of temperature. As it can be 
seen in figure 3.15, there are 
substantial inhomogeneities 
in the ratio image. Especially 
in the middle of the rear part, 
there is an asymmetric spatial 
distribution as well as on the 
left side of the front. The latter was formed during the measurement cycles. This 
indicates either a non-uniform aging of the pressure probe or a partial damage of 
the paint (these effects are discussed later). 
   However, when applying the “ratio-approach” as mentioned above, many of 
the effects are referenced out. The results of the measurements at an angle of 
 
 
Figure 3.15. Ratio image of the signal of the 
pressure probe PtTFPL before and after a 
measurement cycle (“wind-off” images) to quantify 
the temperature cross-talk (color palette range 0.89 
– 0.925) 
  A)                 B) 
 
 
Figure 3.16. Ratio images from the measurement at a flow velocity of 50 m/s and α = 
16°. A) single image (range 0.98 – 1.00) and B) mean ratio image of 10 measurements 
(range 0.98 – 1.00). 
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attack of 16° and a flow velocity of 50 m/s are shown in figure 3.16. In order to 
enhance the signal-to-noise ratio, the measurement cycle was repeated 10 times. 
The results obtained are in good agreement with the data from conventional 
pressure tap measurements. The expected vortexes can be visualized with the 
binary paint. However, an offset correction (in the range of 5 to 20 mbar) is 
mandatory – like it is the case when measuring intensity – in order to obtain 
unambiguous results. The 
same measurement was 
conducted applying intensity 
imaging (see figure 3.17). 
The images of both 
measurements show the 
same topology and give the 
same result. However, in 
contrast to intensity imaging 
the time-resolved measure-
ments have to be repeated 
several times in order to 
enhance the SNR. The 
results of all pressure measurements reveal an unsymmetrical distribution of the 
pressure on the surface of the delta wing. This is most probably due to a non ideal 
adjustment of the aircraft model in the test section of the wind tunnel. This slight 
displacement can cause a non-symmetrical air flow over the surface that can be 
seen in all images when determining pressure. 
 
 
3.3.2.2.6. Further Investigations 
The unexpected effects of uneven surface distribution and/or different aging of the 
paint on the aircraft model were studied in more detail. An inhomogeneous 
spraying of the dual PSP/TSP on the surface of the model will cause serious 
problems when measuring intensity. However, the time-resolved imaging 
methodology applied is not affected by this kind of effect, because it is a self 
referencing technique. Furthermore, ageing of the paint - in terms of 
photobleaching – would not falsify the data for the same reason. If a certain 
 
 
Figure 3.17. Single image of the intensity 
measurement at an angle of attack of α = 16° and a 
flow velocity of 50 m/s (range 0.98 – 1.00) 
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fraction of e.g. PtTFPL undergoes photobleaching, the overall intensity is 
decreased. However, this effect would be the same in both gates A1 and A2, 
respectively, not influencing the ratio of the two gates (and accordingly the 
calculated lifetime). 
   When regarding the unexpected structures on the images, e.g. in figure 3.15 
and figure 3.16 B), the topology reminds of patterns resulted by wiping the surface. 
In fact, before spraying the surface with the binary paint, the surface was cleaned 
with toluene. In order to confirm this suspicion, four 1.5x1.5 cm2 aluminum plates 
were coated with the binary paint (see section 3.5.3) in the same way the model 
was sprayed (see section 3.5.4). The plates were pre-coated with the identical 
Cloucryl® screenlayer as used in the wind tunnel test. To investigate the effect of 
the solvents applied for cleaning, one half of the pre-coated aluminium plate was 
treated with different solvents, respectively (see figure 3.18). For referencing and 
for quantifying the effect, one plate was left untreated. Acetone, toluene, and 4-
chloro-α,α,α- trifluorotoluene (4-CTFT) were used as cleaning solvents. The four 
plates were mounted in a pressure chamber and calibrated at three different 
pressures (see experimental part), once applying the classical RLD method and 
once with the optimized gating scheme (see figure 3.3) similar to the one applied 
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Figure 3.18. A) schematic of the four aluminum plates treated with different solvents. 
The outer side of three of them was cleaned with different solvents, respectively (with 4-
CTFT as 4-chloro-α,α,α- trifluorotoluene). B) pseudo color ratio image A1/A2 of the 
calibration results applying the RLD imaging method (black: low ratio value; red: high 
ratio value). 
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in the wind tunnel test. For all the parameters applied, see section 3.5.4 in the 
experimental part. 
   The results from this experiment clearly show that the paint is somehow 
chemically altered by cleaning the pre-coated surface with organic solvents (see 
figure 3.18). The untreated aluminum plate shows a homogeneous distribution 
over the whole surface. The cleaned areas exhibit a reduced ratio value when 
interrogated via time resolved measurements. Surprisingly, these patterns are 
virtually not visible when regarding the intensity in the respective gates. This 
means that the lifetime and not the PtTFPL itself is altered. The chemical structure 
of the porphyrin seems to stay intact.  
   The system shown in figure 3.18 A) was calibrated applying two different sets 
of parameters to investigate how the parameter settings influence the results and if 
the solvent effects can be somehow reduced. Therefore, each treated surface was 
evaluated twice after calibration. The ratio once was calculated for a ROI (region 
of interest) in a solvent-treated area and compared with the result of ROI with the 
same size in a non-treated area. The results of this measurement are given in 
figure 3.19. As it can be seen, every organic solvent changes the resulting ratio 
somehow. Toluene and 4-CTFT cause the effect to the same extent. Acetone as 
solvent for cleaning the basecoat extensively alters the properties of the binary 
paint. This “solvent effect” is more pronounced when applying the classic RLD 
method.  
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Figure 3.19. Results from the investigation of the solvent effect on the ratio obtained by 
time-resolved imaging. A) the classical RLD method was applied. B) an optimized 
gating scheme was applied, where two gates with different widths were employed. 
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3.3.2.3. Discussion 
 
The results of temperature probe of the binary paint (see section 3.5.3) are in very 
good agreement with the results obtained by reference measurements applying an 
IR-camera. Surprisingly, fine structures of temperature gradients cannot be seen 
in the ratio image A1/A2, not until this ratio image is referenced with the “wind-off” 
image. The images from the temperature sensor exhibit a higher signal-to-noise 
ratio compared to the results from the IR-camera. This is due to the comparatively 
low overall intensity (especially in the second gate A2). 
   The results of the pressure probe suffer from the same problems as the 
temperature probe. Without the “wind-off” images, no significant and unambiguous 
results can be obtained and the overall intensities are rather low as well. However, 
the results obtained with the 
pressure probe are consistent 
with the theoretical behaviour 
of a delta wing in an air 
stream. On this kind of wing, 
the lifting forces emerge from 
vortexes that are generated 
on the leading edge of the 
wing (see figure 3.20).[63] 
They are located slightly 
above the surface, thus 
generating a low pressure 
area on the upper side and lifting the wing. These vortexes can be seen in the 
evaluated images of the wind tunnel test (see figure 3.16, blue regions). In order to 
obtain reliable results, averaging of several images is necessary.    
   The effects on the lifetime of the pressure-sensitive probe after cleaning the 
pre-coated screenlayer with organic solvents are a major problem. All the three 
tested solvents toluene, 4-chloro-α,α,α-trifluorotoluene, and acetone influence the 
system. The latter causes the most severe effect. The origin or the mechanism of 
this interference cannot be explained or proven. One theory is that the solvent 
changes the properties of the basecoat, thus providing a different 
microenvironment for the pressure probe PtTFPL. It is still unexplained why two 
 
Figure 3.20. Schematic of the generation of vortexes 
on the edge of the delta wing. These vortexes evolve 
at every point of the edge. The red arrow represents 
the resulting overall vortex above the wing (and the 
direction of the air flow). 
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gates (A1 and A2) are not sufficient for resolving spatial distributions of pressure or 
temperature fluctuations. The need for a “wind-off” image to reference with is a 
substantial drawback and is somehow inconsistent with the theory of time-resolved 
imaging. Even if there are some surface effects like inhomogeneities or solvent 
interactions, they should a) be visible in each single gate and b) be referenced out 
especially when determining temperature cross-sensitivity. Because even if a 
microenvironment with different oxygen accessibility to the pressure probe is 
formed, it should not influence the response of the PtTFPL towards temperature 
(unless the “new” environments exhibit a drastically different thermal conductivity).  
 
 
3.4. Conclusion 
 
The dual pressure-sensitive and temperature-sensitive paint consisting of PtTFPL 
and Ru(phen)3(TMS)2/PAN in the matrix polymer FIB was applied in an 
aerodynamic wind tunnel test for the first time. The paint is well sprayable and 
exhibits an excellent adhesion on the surface of the aircraft model. The system 
can be applied for time-resolved imaging methods. The overall intensities are low 
compared to existing systems with PAHs as indicators, worsening the signal-to-
noise ratio. The necessity to reference the ratio image with “wind-off” images is a 
drawback. However, the “wind-off” images have to be recorded only once unlike 
when measuring intensity. The whole measurement cycle can be performed 
without the need for other “wind-off” images with this reference image.  
   The results obtained from the temperature probe Ru(phen)3(TMS)2 in PAN 
particles exhibit a good agreement with those from the IR-camera. Absolute 
temperature determination on the aircraft model is consistent with the calibration of 
the system. The rather low intensity of the particle system requires longer 
integration times or more numbers of cycles. 
   The barometric pressure probe PtTFPL is applicable for air pressure 
determination in combination with time-resolved imaging methodologies. Again, 
the ratio images from the measurement have to be referenced with the “wind-off” 
image. The results obtained are in good agreement with the data from the 
conventional pressure taps. Unfortunately, there are some unexplained surface 
effects, limiting its feasibility. Obviously, the solvent used for cleaning the 
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PDMS/TiO2 screenlayer before spraying the paint also influences the results. 
Despite these drawbacks, the results of the pressure probe are consistent with the 
theory. The evaluated surface pressure topology coincides with the reference data 
for the delta wing. Due to the low intensity of the PtTFPL at the considered 
pressure ranges, averaging of several repetitions is necessary.      
   In principle, the dual PSP/TSP system is applicable to aerodynamic 
measurements in wind tunnels. The encountered negative effects require further 
analysis and improvements. They diminish the advantages of time-resolved 
imaging compared to intensity measurements. Once the problems are solved, this 
system and methodology is superior to intensity-based approaches.  
 
 
3.5. Experimental 
 
3.5.1. Materials and Methods  
 
Poly(styrene-co-acrylonitrile) (PSAN, 30 wt% of acrylonitrile, MW=185000), 
dichlorotris(1,10-phenanthroline)ruthenium(II) (Ru(phen)3Cl2), and 3-(trimethyl-
silyl)-1-propanesulfonic acid sodium salt (NaTMS) were obtained form Sigma-
Aldrich (www.sigmaaldrich.com). Platinum(II)-5,10,15,20-tetrakis(2,3,4,5,6-penta-
fluorophenyl)porpholactone was purchased from Frontier Scientific Inc. 
(www.frontiersci.com). All solvents (N,N-dimethylfomamide, ethanol, acetone, 
ethylacetate, toluene, methanol, chloroform, 4-chloro-α,α,α-trifluorotoluene) were 
from Fluka (www.sigmaaldrich.com) and used in analytical purity. All chemicals 
were used without further purification. The Cloucryl® / titanium dioxide coated 
aluminum plates were received from the Institute of Aerodynamics and Flow 
Technology of the DLR Göttingen. Poly(IBM-co-TFEM) and FIB were provided by 
Dr. V. Ondus from the Institute of Chemistry of the University of Hohenheim. 
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3.5.2. Preparation of Temperature-Sensitive Particles 
 
150 mg (0.21 mmol, 1 eq.) of dichlorotris(1,10-phenanthroline)ruthenium(II) were 
dissolved in approx. 4 mL of doubly distilled water and a solution of 96 mg (0.44 
mmol, 2.1 eq.) of 3-(trimethyl-silyl)-1-propanesulfonate in 4 mL of doubly distilled 
water was adder dropwise under vigorous stirring. After 30 minutes, the solution 
was extracted 5 times with chloroform. The gathered organic fractions were 
removed on the rotary evaporator. The remaining Ru(phen)3(TMS)2 was dried in 
vacuum (yield approx. 80%). 
   250 mg of poly(acrylonitrile) were dissolved in 50 mL of DMF and 15 mg of 
PtTFPL were added. 150 mL of doubly distilled water were added dropwise under 
vigorous stirring. The precipitated particles were centrifuged and washed with 
water and ethanol four times, respectively. Subsequent freeze drying yielded in a 
yellow powder. The diameter of the beads was determined by fluorescence 
microscopy to be ~1 µm. 
 
 
3.5.3. Paint Composition and Coating 
 
For the calibration test (see section 3.2.2), 0.4 mg PtTFPL were dissolved in a 
solution of 40 mg poly(IBM-co-TFEM) dissolved in 3 mL of toluene. This 
dye/polymer mixture was ultrasonicated for at least 10 minutes and was then 
immediately sprayed on an aluminum plate using a “Walther Pilot Mini” air gun 
(www.walther-pilot.de), with a nozzle diameter of 1 mm and an applied air 
pressure of ~2.5 bar. The paint was allowed to dry over night.  
   For coating the aircraft model and the aluminum plates, the binary paint 
consisted of 1.0 mg/mL Ru(phen)3(TMS)2/PAN particles, 0.1 mg/mL PtTFPL, and 
50.5 mg/mL FIB, relating to the final overall volume of 4-chloro-α,α,α-
trifluorotoluene. For the coating of the aircraft, a total volume of 110 mL of the 
solvent was used. For coating aluminum plates, the volume was downscaled to 4 
mL. The readily prepared particle/dye/polymer mixture was ultrasonicated for at 
least 10 minutes and was then immediately sprayed using a “Walther Pilot Mini” air 
gun (www.walther-pilot.de), with a nozzle diameter of 1 mm and an applied air 
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pressure of ~2.5 bar. The paint was allowed to dry over night. Its characteristics 
are described in the sections 3.3.2.2 and 3.3.2.3. 
 
 
3.5.4. Experimental Setup and Parameters 
 
Absorption and emission spectra were recorded on a Lambda 14 p Perkin-Elmer 
UV-vis spectrophotometer (Waltham, MA, USA, www.perkinelmer.com) and an 
Aminco AB 2 luminescence spectrometer (Thermo Scientific Inc., Waltham, MA, 
USA, www.thermo.com), respectively. The coated aluminum plates were 
calibrated in a pressure chamber where air pressure can be changed in the range 
from 50 mbar to 2000 mbar, equipped with a peltier element and water cooling for 
thermostatting the chamber. All time-resolved measurements were performed with 
a PCO SensiCam 12 bit b/w CCD camera (PCO, Kelheim, Germany, www.pco.de) 
equipped with a Schneider-Kreuznach Xenon 0.95/17 lens (www.schneider 
kreuznach.com, Jos. Schneider Optische Werke, Bad Kreuznach, Germany) and a 
405-66-60 405 nm LED sold by Roithner Lasertechnik (Vienna, Austria, 
www.roithner-laser.com). The excitation light was focussed by a PCW 18 x 18 
MgF2 TS lens from Edmund Optics (www.edmundoptics.com, Karlsruhe, 
Germany) and hit the sensor layer at an angle of approximately 20°. Light was 
filtered through a BG 12 filter (Schott, Mainz, Germany, www.schott.com) with a 
thickness of 2 mm. Emission of the temperature probe Ru(phen)3(TMS)2/PAN was 
detected through a D580/60M band pass filter (Chroma, Rockingham, VT, USA, 
www.chroma.com). For the pressure probe PtTPFL, a RG 695 high-pass filter was 
used. The parameters applied for calibration of the samples as well as for 
investigating the solvent effects on the basecoat (see chapter 3.3.2.2.6.) are given 
in table 3.7. 
 
Table 3.7. Parameters applied for time-resolved measurements. The times t1 and t2 are 
related to the end of the excitation pulse 
gate width [µs]  
method 
excitation 
pulse [µs] A1 A2 
 
t1 
 
t2 
      classic RLD 160 60 60 0.5 30.5 
optimized gating scheme 160 30 50 -20 10 
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The experimental setup at the DLR Göttingen and the parameters applied for the 
wind tunnel test were slightly different from those applied at the University of 
Regensburg for calibrating the paint. The emission of the temperature probe 
Ru(phen)3(TMS)2/PAN was detected through a combination of a FH550 high pass 
filter and a FL630 low pass filter. For the pressure probe PtTFPL a 695FG07-50 
band pass filter was used. The respective filter systems were directly mounted in 
front of the PCO4000 CCD cameras (PCO, Kelheim, Germany, www.pco.de). The 
parameters applied for the wind tunnel test are given in table 3.8. 
 
Table 3.8. Parameters applied for the measurements in the wind tunnel. The times t1 and t2 
are related to the end of the excitation pulse 
gate width [µs]  
 
excitation 
pulse [µs] A1 A2 
 
t1 
 
t2 
      pressure probe 14.5 10.0 25.0 -8.5 15.5 
temperature probe 4.0 3.5 6.0 -2.0 1.0 
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A novel kind of composite material for simultaneous luminescent determination of 
air pressure and temperature is presented. The dual sensor consists of a 
fluorinated platinum porphyrin complex (PtTFPP) as an oxygen sensitive probe, 
and of the highly temperature-sensitive europium complex Eu(tta)3(dpbt) as 
temperature probe. Both are incorporated into different polymer microparticles to 
control response characteristics and to avoid interferences. Encapsulation of 
PtTFPP in poly(styrene-co-acrylonitrile) (PSAN) results in a broad dynamic range 
from 0.05 to 2.00 bar for pressure measurements. The europium complex was 
incorporated into poly(vinyl chloride) to reduce the cross-sensitivity towards 
oxygen. This system represents a new class of luminescent sensor systems, 
where the signals are separated via the different luminescent lifetimes of the 
indicators. It is possible to monitor the emission of the temperature-sensitive probe 
by means of time-resolved fluorescence imaging without interferences, because 
the luminescence lifetime of the temperature indicators is tenfold longer than that 
of the oxygen indicator. The temperature image can then be used to compensate 
the cross-sensitivity of the pressure indicator towards temperature. In combination 
with an appropriate time-resolved measurement technique, this material enables 
simultaneous imaging of pressure (or oxygen partial pressure) and temperature 
distributions on surfaces. It is distinguished from other approaches of dual 
pressure- and temperature-sensitive paints because it avoids the need of signal 
separation by application of different cameras or by use of different optical filters or 
light sources. 
 
 
 
 
 
 
CHAPTER 4 
 
A Dual Luminescent Sensor Material for Simultaneous Imaging 
of Pressure and Temperature on Surfaces 
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4.1. Introduction 
 
Oxygen or air pressure can be imaged instantly and in high spatial resolution by 
means of luminescent oxygen-sensitive materials.[1-5] Generally, optical sensors 
are based on materials responding to an analyte by changing their optical 
properties like absorption, intensity or wavelength of luminescence emission, or 
their luminescence lifetime. The indicators can be encapsulated into polymer 
particles to control response characteristics or, in case of multi-indicator systems, 
to minimize interferences. These beads are incorporated into a matrix polymer and 
can be applied in different systems like fiber optics[6] or sensor foils.[7,8] Finally, 
they can also be sprayed or painted on surfaces to cover areas of any shape. By 
means of pressure-sensitive or temperature-sensitive paints (PSPs/TSPs) these 
basic factors in fluid mechanics can be imaged and quantified noninvasively with 
an unsurpassed spatial resolution.[9-11] An ubiquitous problem consists in the fact 
that probes for oxygen also respond to temperature (and vice versa). Therefore, 
the obtained pressure data have to be corrected to compensate temperature 
effects. This can be accomplished by incorporation of temperature-sensitive 
indicators as a reference fluorophore to the sensor system. Therefore, dual 
PSP/TSP formulations have found increasing interest in the past years.[12-15] 
   In dual sensor systems, the luminescent signals of the indicators applied 
have to be separated in order to obtain unambiguous data. This is achieved in 
most cases by different optical emission filters. This requires clearly separable 
emission wavelengths of the probes with almost no spectral overlap. In practice, it 
is a high challenge to select such a combination of indicators. A new principle of 
dual sensor material composition is presented here. Unlike in previous systems, 
the signals are not separated via their different emission wavelengths but by 
different luminescence decay times. The basis of this approach is a dual lifetime 
determination scheme (DLD).[16] 
   Time-resolved (“gated”) luminescence lifetime imaging outmatches standard 
intensity detection techniques in terms of accuracy and reliability. Sources of error 
like an inhomogeneous sensor layer, photobleaching of the fluorophores, variable 
distances and angles of light source and detectors, or a non-ideal alignment of the 
excitation light are eliminated by this intrinsically reference technique.[17] The 
fluorescent probes are excited by LEDs or laser diodes and the subsequent light 
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emission is detected by means of a CCD camera. In most cases, two time gated 
images with different delay times are taken in the luminescence emission phase of 
the dye (see chapter 2.4.2.3.).[4,18] From these two intensity images the 
luminescence lifetime τ can be calculated according to equation 2.13 (assuming 
monoexponential decay of the luminescence). Four images are taken in this novel 
DLD approach, like it is explained in chapter 2.4.2.4. The first two match the mixed 
intensity of both indicators. The second gate pair is set with a lag time at which the 
emission of the pressure indicator is completely decayed. Thus, the luminescence 
signal of the long-decaying temperature-sensitive dye is exclusively detected.[16] 
This information can be used to subtract the temperature-fraction of the pressure 
data obtained from the first two gates. This dual sensor material is also extremely 
useful if the two parameters pressure (or oxygen partial pressure) and temperature 
are to be analyzed in parallel, e.g., in biomedical imaging or aerodynamic 
measurements.  
 
 
4.2. Results and Discussion 
 
4.2.1. Sensor Composition 
 
The dual sensor paint consists of an oxygen-sensitive probe and a temperature-
sensitive probe, both encapsulated into different polymer particles. These particles 
are then incorporated into a matrix polymer that is cast onto a solid support. A 
schematic drawing of the cross-section of the sensor is given in Figure 4.1, and 
the preparation is described in detail in section 4.4. The particle system was 
chosen to adjust the sensitivity of the system and to reduce cross-sensitivity 
effects.[19,20] The phosphorescence of the oxygen (= pressure) sensitive indicator 
Pt(II)-5,10,15,20-tetrakis(2,3,4,5,6-pentafluorophenyl)porphyrin (PtTFPP) is almost 
completely quenched at ambient air pressure.[21] With poly(styrene-co-acrylonitrile) 
as particle material it is possible to extend the dynamic range of pressure 
determination beyond atmospheric pressure. The luminescence of the 
temperature indicator Eu(III)-tris(thenoyltrifluoroacetyl-acetonato) - (2-(4 - 
diethylaminophenyl) - 4,6 - bis (3,5- dimethylpyrazol – 1 - yl) -1,3,5-triazine)[22] 
(Eu(tta)3 (dpbt), structure see table 2.3) is also strongly affected by oxygen 
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quenching, as it is the case with most metal-ligand complexes. This interference 
can be minimized by shielding the fluorophores with gas-blocking polymers like 
poly(vinyl chloride). The encapsulation of both indicator dyes also inhibits possible 
resonance energy transfer processes between the two chromophores. 
Furthermore, encapsulation in polymer beads warrants a sufficient solubility of the 
indicator molecules in the matrix polymer, which enables preparation of 
homogeneous one-layer paints.  
   Among the large variety of pressure-sensitive luminescent probes, we 
decided to utilize PtTFPP because of its spectral properties like a large “Stokes’ 
shift”, a phosphorescence lifetime in the microsecond time regime, and the large 
extinction coefficient of 323,000 dm3mol-1cm-1 of the Soret band,[23] resulting in a 
brightness of ~30,000 at ambient atmosphere and room temperature. This is much 
higher than any of the Ru-probes. It is one of the most photostable compounds in 
the group of metalloporphyrins. The highly fluorinated phenyl substituents in the 
molecule make the compound less susceptible towards photooxidation.[24] 
   The platinum porphyrin exhibits very high quantum yields in the absence of 
oxygen, which drops to a value of approximately 8% at ambient air pressure.[23] 
Hence, the luminescence is almost quenched at standard atmospheric 
pressure.[21,25] In order to increase the effective dynamic range of pressure 
determination, the dye was incorporated into a moderately gas-permeable 
copolymer (poly(styrene-co-acrylonitrile) (PSAN), with 30 wt% acrylonitrile). This 
polymer possesses a reduced oxygen permeability coefficient P of 3.5⋅10-14 
PtTFPP / PSAN-particles
p
Eu(tta)3(dpbt) / PVC-particles
PET solid support
(Mylar®-foil)
silicone / TiO2-screenlayer
hydrogel matrix polymer
T
T
TTTT
T
p
p
p p
p
p
pp
pT
T
T p
p
 
 
Figure 4.1. Cross section of the sensor layer. The sensitive beads (= pressure probe, 
= temperature probe) are incorporated in a matrix polymer and cast on a polymer 
foil acting as a solid support. The TiO2-screenlayer reflects the luminescence of the 
indicators towards the upper side of the sensor, thus increasing the signal intensity. 
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cm2⋅Pa⋅s-1,[26] and therefore retards the rapid quenching of luminescence intensity 
(and accordingly lifetime) of PtTFPP by oxygen. The polymer microspheres were 
prepared according to literature.[19] The synthetic procedures were slightly 
modified and adjusted to the properties of the compounds. PSAN microparticles 
were obtained by precipitation from a polymer/dye/DMF-solution under 
ultrasonication (see section 4.4.2).[27] The size of the beads does not exceed 5 µm. 
   Eu(tta)3(dpbt) exhibits an extraordinary strong temperature dependency of its 
luminescence, with a luminescence quantum yield of 75% in toluene solution at 
room temperature[22] and a lifetime of approximately 600 µs. In most cases, 
luminescence of europium metal-ligand complexes occurs after energy transfer 
(ET) from the triplet excited state of the ligand to the metal centre.[28] Due to 
energetic reasons, excitation is restricted to wavelengths below 390 nm for 
effective and irreversible ET to the Eu3+-ion.[29] By combination of Eu(III) β-
diketonates with push-pull sensitizers (e.g. diaryl ketones) it is possible to extend 
the excitation range into the area of visible light.[30] The triazine ligand in 
Eu(tta)3(dpbt) acts as an “antenna” chromophore with the N,N-diethylaniline group 
as the electron donor and the dipyrazolyltriazine as the acceptor. In this system, 
the energy transfer between ligand and Eu3+-ion occurs via the singlet pathway, 
thus additionally extending the excitation window to longer wavelengths.[22,31] The 
distinct temperature sensitivity of the Eu(III) β-diketonates is caused by thermal 
deactivation of the 5D1 and 5D2 energy levels of europium. In these processes, 
electronic energy levels are coupled to the environment through molecular 
vibration energy levels.[32,33] On this account, the materials applied as sensor 
matrix affect the temperature dependency of the indicators. High molecular weight 
poly(vinyl chloride) as encapsulating material for Eu(tta)3(dpbt) was chosen due to 
its low oxygen permeability coefficient P of 3.4⋅10-15 cm2⋅Pa⋅s-1 and for the positive 
effects on the temperature sensitivity of the indicator.[26] The sub-micrometer sized 
Eu(tta)3(dpbt)/PVC particles were prepared by a combined precipitation/solvent 
stripping procedure as described in detail in section 4.4.3. The pressure-sensitive 
PtTFPP/PSAN particles and the temperature-sensitive Eu(tta)3(dpbt)/ PVC 
particles were suspended in a solution of the hydrogel D4 matrix polymer. This 
“cocktail” was then cast on a poly(ethylene terephthalate) (PET) solid support to 
give a sensor layer of 12 µm thickness after drying (see section 4.4.4). The 
hydrogel binder (D4) is a highly oxygen- permeable matrix polymer, soluble in a 
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mixture of ethanol and water. The particles do not interact with these solvents by 
swelling and give very homogeneous suspensions. A highly reflective TiO2/silicone 
screenlayer (Elastosil® A07 rubber, 30wt% TiO2 in hexane) was spread on the 
back of the solid support to increase the luminescence intensity from the sensor 
layer. The spectral 
characteristics of both 
probes and the trans-
mittance of optical filters 
applied are shown in 
Figure 4.2. Both fluoro-
phores can be excited at 
405 nm and are 
therefore compatible 
with (low cost) violet 
LEDs or the 405 nm 
laser diode as light 
sources. The excitation 
light passes a BG12 
filter to cut off undesired 
light emission from the 
LED. The emission of both dyes is within the same wavelength window and can be 
imaged through a D610/60M band-pass filter. 
 
 
4.2.2. Calibration of the Dual Sensor Material 
 
In usual dual sensor systems, the signals of the two indicators are separated via 
optical emission filters. A widely used decay time-based sensing approach is 
based on the “Rapid Lifetime Determination” (RLD) method, where two time gated 
images are taken in the luminescence decay period of the fluorophore. Presuming 
monoexponential luminescence decay and provided that the two time gates are of 
the same length, the luminescence decay time can be calculated according to 
equation 2.13 in chapter 2.4.2.3., with t1 and t2 as the starting times of the gates 
related to the end of the excitation pulse and A1 and A2 as the intensity values 
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Figure 4.2. Normalized absorption and emission of 
PtTFPP/PSAN (dotted) and Eu(tta)3(dpbt)/PVC (line) and 
transmittance of the optical filters (shaded). A) Absorp-
tion of PtTFPP/PSAN, B) adsorption of Eu(tta)3(dpbt)/ 
PVC, C) transmittance of the BG12 excitation filter, D) 
transmittance of the D610/60M emission filter, E) 
emission of Eu(tta)3(dpbt)/PVC, F) emission of PtTFPP/ 
PSAN 
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gathered in the two different gates. The single intensity images as well as the 
corresponding background images are acquired in subsequent exposure cycles.[34]  
   In our new approach, referred to as “Dual Lifetime Determination” (DLD) 
method,[16] the sensor signals are not separated via different emission filters but by 
means of the different luminescence decay times of the indicators (see figure 2.5. 
in chapter 2.4.2.4.). This method is applicable if the luminescence decay time of 
the temperature-sensitive probe (here: Eu(tta)3(dpbt)/PVC) is at least about 10 
times higher than the luminescence decay time of the pressure-sensitive material 
(PtTFPP/PSAN). In figure 2.5, the different luminescence decay curves are 
depicted in grey and white, respectively. The temperature-dependent lifetime 
image calculated from 
A3 and A4 can be used 
to compensate the 
temperature effect on 
the lifetime of the 
pressure probe deter-
mined from A1 and A2. 
Moreover, the Dual 
Lifetime Determination 
method is a twofold RLD 
method, capable of 
detecting the change of 
the lifetimes of two 
different probes at the 
same time.[16.35] The resulting lifetimes can be calculated from the respective pair 
of gates (A1 and A2, A3 und A4, respectively) according to equation 2.13. Decay 
time based imaging is preferable to imaging of luminescence intensity, because it 
is free of interferences and sources of error like inhomogeneous excitation light 
fields, photobleaching of fluorophores, effects of varying distances, light scattering, 
inhomogeneous dye concentrations in the sensor layer, or turbidity. The dual 
sensing material was calibrated using a 405 nm LED as the light source. The 
sensor (9 cm2) was mounted in a calibration chamber in which pressure and 
temperature can be adjusted in the range of 50 – 2000 mbar and 1 °C – 50 °C, 
respectively (see figure 4.3).  
CCD camera
emission filter
excitation filter
sensor
calibration chamberLEDtrigger box
 
 
 
Figure 4.3. Experimental setup. Time-resolved imaging 
was performed using a cooled b/w CCD camera. Camera 
and light source were both connected to a trigger box, 
phasing the two components in the nanosecond time 
regime. Controlling of the setup as well as image 
acquisition was accomplished with a personal computer. 
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   The dual sensor material was imaged and calibrated by the DLD method. 
Following an excitation pulse of the LED, four images are taken subsequently 
during the luminescence decay period of the fluorophore mixture (see table 4.1.). 
Two different sensors of the same composition were calibrated five times each. 
The standard deviations of data points from the mean value of these ten 
measurements do not exceed 3.5%. The last two gates exclusively detect the 
luminescence of the temperature indicator Eu(tta)3(dpbt). The dual sensor as well 
as the single sensors (referred to as reference sensors) containing only 
PtTFPP/PSAN and Eu(tta)3(dpbt)/PVC, respectively, were calibrated and 
compared. The luminescence of the Eu(III)-complex particle system is highly 
temperature dependent, as in can be seen from figure 4.4. Both the reference 
sensor and the dual sensor system gave the same results for the temperature 
indicator. This proves the effective signal separation in the dual sensor. The 
luminescence of PtTFPP does not affect the lifetime signal of the Eu(tta)3(dpbt) 
because it is gated off. 
   The temperature dependency of the temperature sensor is linear at low 
pressure ranges. The devolution of the calibration curves starts to change above 
approximately 500 mbar of air pressure. At higher pressures, the decay of the 
luminescence lifetime by virtue of temperature changes can be described by an 
Arrhenius-type equation:[36-38]       
           





⋅
∆
−⋅+=
TR
Ekk exp1 10τ
          eq. 4.1. 
where τ is the lifetime, k0 the temperature-independent decay rate for the 
deactivation of the excited state (the sum of radiative and nonradiative decay 
constants from the emitting state to the ground state), k1 the preexponential factor, 
∆E the energy gap between the emitting level and an upper deactivating excited 
state, R the gas constant, and T the absolute temperature.The T-dependency of 
the Eu(tta)3(dpbt)/PVC particles can be fitted using the following parameters (at 
1000 mbar air pressure): k0=1.6 s-1, k1=5.6⋅103 s-1, and ∆ E=22.6 kJ⋅mol-1 with an 
Table 4.1. Parameters applied for calibration of the dual sensor material. The times t 
refer to the end of the excitation pulse with a duration of 2000 µs 
 
 A1 A2 A3 A4 
t [µs] 0 20 400 500 
width [µs] 50 50 400 400 
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correlation coefficient (r2) of 0.9998. The maximum cross-sensitivity of the 
temperature sensor towards O2 - quenching is between 7% and 15%. This means, 
at a temperature of 
274 K the lifetime 
drops from 0.682 ms to 
0.637 ms only (de-
crease by 7%) when 
pressure is increased 
from 50 mbar to 1750 
mbar. Oxygen diffusion 
is more pronounced at 
higher temperatures. 
Thus, the cross-
sensitivity at 315 K 
towards O2- quenching 
raises to 15%. These are satisfactory values for indicators with luminescence 
decay times of several hundred µs. Besides its gas-blocking properties, the 
encapsulation in PVC microparticles has a positive effect on the temperature 
response of the Eu-complex. It linearizes the shape of the calibration curve. This is 
very desirable for application. In many other polymer matrices, the Arrhenius-type 
response characteristics is much more pronounced, resulting a smaller lifetime 
changes at low 
temperatures.  
   The response of 
the pressure sensor 
material PtTFPP / 
PSAN (see section 
4.4.2) is calculated 
from the first two gates 
A1 and A2. Calibration 
plots for pressure 
imaging with the new 
sensor material are 
presented in figure 4.5. 
0 400 800 1200 1600 2000
20
30
40
50
60
70
80
Li
fe
tim
e
 
[µs
]
p(air) [mbar]
 279.15 K
 285.15 K
 291.15 K
 297.15 K
 303.15 K 
 
Figure 4.5. Oxygen dependence of luminescence lifetimes of 
the PtTFPP/PSAN probe for barometric pressure at 
different temperatures. 
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Figure 4.4. Temperature dependence of the luminescence 
lifetime of the Eu(tta)3(dpbt)/PVC temperature probe at 
different air pressures. 
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The mixed intensities of the two indicator systems gathered in A1 and A2 result in 
lower ratio values (and thus higher τ-values) for the Pt-porphyrin compared to the 
reference system. The ratio of the two intensity images is influenced by the longer 
decaying luminescence of the Eu(tta)3(dpbt). This is very pronounced in the 
second gate, thus decreasing the intensity ratio A1/A2 increases the calculated 
lifetime. This effect is not eminent, because its influence on the data is not very 
distinct when considering the relative signal change in the image ratio A1/A2 (see 
figure 4.6. insert). The response to oxygen can be described by the Stern-Volmer 
equation. In solid state systems, the deviation from linearity is expressed by the 
so-called “two-site model”,[39] which accounts for the different chemical and 
physical environments in polymer matrices and particles:[40] 
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       eq. 4.2. 
with f1 and f2 being the emissive fraction of the molecules in the different 
environment, kSV the Stern-Volmer quenching constants in the different 
environments, and [O2] as the oxygen partial pressure. Assuming the constant 
proportion of oxygen in atmospheric air, the amount of oxygen quenching can be 
used for pressure determination. The Stern-Volmer type plots of the pressure 
sensor are depicted in figure 4.6. The response to oxygen of the dual sensing 
material is slightly decreased compared to the PtTFPP / PSAN reference sensor 
(see figure 4.6. insert). 
This is the result of the 
non exclusive detec-
tion of the emission 
from the pressure 
indicator in the first two 
gates A1 and A2. As 
described above, the 
second gate is 
influenced to a higher 
extent. Hence, the 
intensity of A2 does not 
decrease to the same 
value compared with 
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Figure 4.6. Stern-Vomer plots of the pressure sensor 
PtTFPP/PSAN at different temperatures. Insert: 
Comparison of the Stern-Volmer plots at 315.15 K of the Pt-
porphyrin particle system in the dual sensor material (line) 
and in the reference sensor material (dotted). 
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the reference sensor. Consequently, the changes in the intensity ratio A1/A2 (and 
accordingly the calculated lifetimes) are reduced. This deviation from the reference 
sensor characteristics decreases with increasing temperature. The data obtained 
can be fitted by the Stern-Volmer equation (eq. 4.2.) with the factors f1=f2=0.5 and 
with r2 values of greater than 0.9998. The main Stern-Volmer constant kSV(1) 
increases with increasing temperature. The more efficient dynamic O2 - quenching 
at higher temperatures agrees very well with theory. Higher temperature causes a 
more effective O2 diffusion in the polymer. Accordingly, the secondary Stern-
Volmer constants kSV(2) increase just as well, but are negligible compared with the 
value of the main Stern-Volmer constant (see table 4.2.). 
 
Table 4.2. Stern-Volmer constants from the calibration of the pressure sensor. Fitting 
parameters were set to f1=f2=0.5. 
 
T [K] kSV(1) [10-3 mbar-1] kSV(2) [10-3 mbar-1] 
279.15 1.13 ± 0.02 0.01 ± 0.003 
285.15 1.33 ± 0.02 0.01 ± 0.002 
291.15 1.64 ± 0.01 0.05 ± 0.002 
297.15 1.95 ± 0.03 0.12 ± 0.004 
303.15 2.22 ± 0.06 0.20 ± 0.006 
 
 
 
4.2.3. Sensor Validation 
 
The novel dual sensor paint along with the DLD calibration method was tested 
regarding performance and accuracy. The intensity distribution of the sensor 
compared to the resulting image ratio, in which inhomogeneities are referenced 
out, is presented in figure 4.7. The DLD method in combination with the high 
homogeneity of the sensor layer enables simultaneous determination of pressure 
and temperature (p/T) in high spatial resolution. Lifetime results remained constant 
after ten times calibration over the full p/T range as well as after three months of 
storage of the sensor material. This demonstrates the good photostability and 
shelf life of the sensor system. In particular, photobleaching of one of the 
components would cause significant changes in the results obtained from the first 
two gates, where the mixed emission intensity of both indicators is recorded. 
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   The accuracy of the system was investigated by imaging the lifetime of some 
randomly selected p/T data pairs not coinciding with data points from the 
calibration measurements. For that purpose, calibration data of the combined p/T 
sensor were plotted in 3D and fitted polynomial surface equations (see figure 4.8.). 
The resulting image ratios of the selected p/T values were used to determine the 
corresponding p/T values. Pressure determination by using only the first two gates 
resulted in rather imprecise pressure values in the first step, covering the range 
from 700 mbar to 1500 mbar at different temperatures. Data from the temperature 
sensor were then used to compensate the large deviation in the pressure 
determination. For example the image data for the randomly selected point 
p=1155 mbar, T=294 K reveals a temperature of (294 ± 0.6) K and a pressure of 
 
Figure 4.7. Left: pixel profile of the sensor layer from the calibration of the pressure 
sensor (1000 mbar at 297.15 K). Intensity measurements showed comparatively big 
standard deviations of the pixels from the mean value, partly due to the angle of 
incidence of the excitation light. Right: these inhomogeneities are referenced out when 
regarding the ratio image obtained by division of A1 and A2. 
 
Figure 4.8. 3D lifetime plots of the pressure sensor (left) and the temperature sensor 
(right). 
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(1153.9 ± 3.1) mbar after three iteration steps in very good agreements with the 
chosen values for temperature and pressure. Similar results were obtained for 
other data points (900 mbar at 307 K, 750 mbar at 288 K). At air pressures lower 
than 400 mbar, the uncertainty of its determination increases rapidly. Accordingly, 
the novel dual sensing material is suitable for simultaneous determination of 
pressure and temperature in the range between 0.5 and 2.0 bar from 273 to 320 K 
with an average accuracy of 3.5 bar for pressure, and 0.7 K for the temperature. 
   Simultaneous optical sensing of two parameters such as oxygen, 
temperature, small organic molecules or gases, and biological relevant 
compounds like glucose gained much interest over the last 20 years.[7,28,41,42,43] 
Temperature and pressure sensors were successfully applied to aerodynamic 
research[5,10,44] and dermatology.[3] Most of the approaches are based on the 
measurement of luminescence intensity instead of lifetime. Regardless of the 
method applied, temperature correction of the pressure measurement is 
necessary, because both analytes cause a response.[36] This is accomplished in 
most of the cases by dual-luminophore pressure-sensitive paints where the signal 
of a reference dye is set into relation to the signal of the pressure indicator in order 
to compensate the temperature effect. The emission of the luminescence probes 
has to be separated via different optical filters and/or cameras. These methods are 
in contrast to the novel dual sensing technique used in this approach. Most of the 
PSPs reported in literature were evaluated via the intensity signal, which is very 
prone to errors. This effect can be minimized by addition of the reference dye, 
which however provides no information about the absolute temperature.[36,45] The 
DLD method is a self-referenced technique, revealing absolute p/T values over 
large surface areas without the need of extensive calibration. The particle/matrix 
polymer suspension can be sprayed on surfaces, being therefore applicable as a 
dual PSP/TSP for aerodynamic measurements in wind tunnels. Unlike other 
approaches, this sensor system is exclusively based on luminescence lifetime 
determination and does not require any changes of the optical setup or the 
application of different cameras for signal separation.  
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4.3. Conclusion 
 
A novel composite material for simultaneous p/T sensing was prepared which 
consists of two different metal-ligand complexes as fluorescent probes. These are 
incorporated into different polymer microspheres to control sensitivity, dynamic 
range of response, and to avoid interferences. These particles are mixed in a 
polymer binder and can be cast (or sprayed) on a solid support to give a dual 
sensor layer with high homogeneity. Signals were successfully separated via the 
distinct luminescence decay times of the applied fluorophores which differ by one 
order of magnitude. The binary sensor layer was calibrated and evaluated by 
means of the recently introduced dual lifetime determination method. The high 
homogeneity of the sensor paint along with the benefits of time-resolved imaging 
techniques makes the system suitable for simultaneous pressure and temperature 
determination with a very high spatial resolution. The accuracy and stability of the 
sensor material promises application in fluid mechanics as a dual PSP/TSP. 
 
 
4.4. Experimental 
 
4.4.1. Materials and Methods 
 
Poly(styrene-co-acrylonitrile) (PSAN, 30 wt% of acrylonitrile, MW=185000), high 
molecular poly(vinyl chloride) (PVC), and titanium dioxide were obtained from 
Aldrich (www.sigmaaldrich.com). Platinum(II)-5,10,15,20-tetrakis(2,3,4,5,6-penta-
fluorophenyl)porphyrin (PtTFPP) was purchased from Porphyrin Systems 
(www.porphyrin-systems.de), Elastosil A07 silicone from Wacker 
(www.wacker.com), PET foil (Mylar) from Goodfellow (www.goodfellow.com), and 
the polymer hydrogel D4 (linear polyurethane) from Cardiotech (www.cardiotech-
inc.com). All solvents (ethanol, tetrahydrofurane, hexane, heptane, and 
dimethylformamide) were from Fluka (www.sigmaaldrich.com) and used in 
analytical purity. All chemicals were used without further purification. 
   Europium(III)-tris(thenoyltrifluoroacetylacetonato)-(2-(4-diethylaminophenyl)-
4,6-bis(3,5-dimethylpyrazol-1-yl)-1,3,5-triazine) (Eu(tta)3(dpbt)) was synthesized 
according to Yang’s procedure.[31] 
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   In the DLD calibration scheme, four gated images are taken in the emission 
phase of the fluorophores. The first two gates (A1 and A2) have the same length 
and are positioned in the luminescence phase of both indicators. The second two 
gates (A3 and A4) have also the same length and are positioned at a time, when 
the first (short living) luminescence has already completely decayed. They 
exclusively acquire the luminescence of the long-decaying temperature-sensitive 
probe (Eu(tta)3(dpbt)/PVC). The first two images acquire a mixed lifetime of both 
indicators. The lifetime of the faster decaying pressure-sensitive probe 
(PtTFPP/PSAN) can be deduced from these data by iteration processes. 
 
 
4.4.2. Preparation and Characterization of Oxygen-Sensitive Particles 
 
250 mg of poly(styrene-co-acrylonitrile) were dissolved in 50 mL of DMF and 15 
mg of PtTFPP were added. 150 mL of doubly distilled water were added dropwise 
under ultrasonication. The precipitated particles were centrifuged and washed with 
water and ethanol respectively. The size of the particles was determined by 
fluorescence microscopy. 
 
 
4.4.3. Preparation and Characterization of Temperature-Sensitive Particles 
 
300 mg of poly(vinyl chloride) were dissolved in 60 mL tetrahydrofurane (THF) and 
12 mg Eu(tta)3(dpbt) were added. 320 mL of heptane was added dropwise under 
vigorous stirring to pre-precipitate the polymer. Afterwards, the THF was removed 
slowly at the rotary evaporator to stabilize the formed particles. After 
centrifugation, the precipitate was washed three times with ethanol and taken up in 
doubly distilled water. Freeze-drying yielded the particles as a slightly yellow 
powder. The size of the particles was determined by fluorescence microscopy. 
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4.4.4. Sensor Preparation 
 
30 mg of the Eu(tta)3(dpbt)/PVC particles and 20 mg of the PtTFPP/PSAN 
particles were suspended in 1300 mg hydrogel D4 solution (5 wt% in EtOH:H2O 
9:1 v:v). This sensor cocktail was stirred overnight and then cast on the PET solid 
support (thickness: 125 µm) with a knife-coating device to give a sensor layer of 
12 µm thickness after drying in ambient atmosphere. A highly reflective 
screenlayer (1 g silicone and 300 mg TiO2 in hexane) was cast on the back side of 
the solid support and left drying over night. 
 
 
4.4.5. Acquisition of Spectra and Experimental Setup 
 
Absorption and emission spectra were recorded on a Lambda 14 p Perkin-Elmer 
UV-vis spectrophotometer (Waltham, MA, USA, www.perkinelmer.com) and an 
Aminco AB 2 luminescence spectrometer (Thermo Scientific Inc., Waltham, MA, 
USA, www.thermo.com), respectively. All time-resolved measurements were 
performed with a PCO SensiCam 12 bit b/w CCD camera (PCO, Kelheim, 
Germany, www.pco.de) equipped with a Schneider-Kreuznach Xenon 0.95/17 lens 
(www.schneiderkreuznach.com, Jos. Schneider Optische Werke, Bad Kreuznach, 
Germany) and a 405-66-60 405 nm LED sold by Roithner Lasertechnik (Vienna, 
Austria, www.roithner-laser.com). The excitation light was focussed by a PCW 18 
x 18 MgF2 TS lens from Edmund Optics (www.edmundoptics.com, Karlsruhe, 
Germany) and fell onto the sensor through an angle of approximately 20°. It was 
filtered through a BG 12 filter (Schott, Mainz, Germany, www.schott.com) with a 
thickness of 2 mm. Emission was detected through a D610/60M band pass filter 
(Chroma, Rockingham, VT, USA, www.chroma.com).  
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Cooled black-and-white CCD-cameras are well-established devices to monitor the 
signal response of probes and sensors in imaging applications. When two (or even 
three) analytes are considered, the signals of interst have to be separated from 
each other. Generally, this is accomplished by using filter wheels or, in case of 
time-resolved imaging, by evaluating the different luminescence decay times of the 
indicators. Here a novel approach for signal separation of multiple sensors is 
presented. It utilizes the basic setup of color CCD and CMOS cameras. The 
principle of color cameras is based on the application of three different types of 
pixels (CCD/CMOS) or layers (FOVEON X3-type). These are sensitive towards 
different wavelength ranges. In other words, the intensity of the different colors is 
detected and processed in different areas on the camera chip. This information is 
transported in three different channels and is then combined, resulting in a colored 
image. The idea was to utilize this technique for the separation of multiple sensor 
signals. Due to the spatial distribution of three different types of pixels, it is 
possible to monitor the intensity of three different colors from the different analyte-
sensitive probes with one single image. 
 
 
5.1. Introduction 
 
Optical sensors are based on materials that change their optical properties – most 
notably luminescence intensity – when exposed to the analyte of interest.[1] The 
indicator signal has to be referenced with the signal of a second fluorophore in 
order to obtain unambiguous data.[2] When dealing with intensity measurements, 
the reference dye is an inert standard molecule.[3] In the case of dual optical 
sensors, the second probe responds to a different analyte in order to compensate 
for cross-talk.[4,5] The two signals have to be separated entirely, no matter which 
method is applied. This is accomplished in the majority of the cases with different 
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optical emission filters, either mounted in a mechanical filter wheel or in front of 
two different detection devices (e.g. b/w CCD cameras).[6] When the emissions of 
the two probes can not be separated optically, the signals of interest also can be 
divided due to the different luminescence lifetimes of the indicators by novel time-
resolved imaging approaches.[7] 
   Here, a novel approach for signal separation is presented, based on the 
fundamental setup of color cameras. In case of CCD or CMOS camera, the pixels 
of a normal black-and-white camera are covered with three different optical filters 
(one kind for blue, red, green, respectively) in a certain pattern. By this means, 
information about the color distribution is introduced on the chip (see figure 
5.1.).[8,9] 
   FOVEON X3-type chips are based on the application of three different layers, 
each of them sensitive to another wavelength range. The first layer absorbs and 
detects the blue fraction of the incoming light, the second layer the green part of 
the spectrum, and the remaining red light is registered in the third layer (see figure 
5.1.).[10-12] The color information is registered on different areas on the chip, 
regardless which setup is applied. This information is then transported in three 
different channels (one for each color) and recombined, resulting in a colored 
image.  
  (a)                 (b) 
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Figure 5.1. Setup and functionality of (a) RGB- or CMOS-CCD chips and (b) FOVEON 
X3-type CCD chips. In RGB or CMOS chips, the pixels with different sensitivity for red 
(R), green (G), and blue (B) are aligned in a certain pattern (here: Bayer mosaic). In a 
FOVEON X3-type chip, the different colors are absorbed and detected in different 
layers. Blue light is absorbed and processed in the first (upper) layer, green light in the 
second, and the remaining red part of the light is detected in the last layer.  
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This fundamental setup of digital camera chips can also be utilized for three-
channel luminescence imaging. Due to the spatial distribution of the three different 
types of pixels, it is possible to monitor the intensity (or even lifetime, if a time-
gated color camera is used) of three different colors with one single image. For the 
proof of principle, a dual sensor was designed that exhibits emissions in the blue 
and in the red area. A carbon dioxide probe based on 8-hydroxypyrene-1,3,6-
trisulfonate (HPTS)[13] with emission in the blue (for the protonated form) and 
europium(III)-tris(thenoyltrifluoroacetylacetonato)-(2-(4-diethylaminophenyl)-4,6-bis 
(3,5-dimethylpyrazol-1-yl)-1,3,5-triazine) (Eu(tta)3(dpbt))[14,15] as a temperature 
indicator[16] with red emission were combined. The structure and the mission 
spectra of the two compounds can be seen in figure 5.2. Both indicators are 
excitable at 405 nm and their emissions do not overlap. The two probes, the CO2 
indicator HPTS dissolved in ethyl cellulose (EC, 49% ethoxy content) and the 
temperature indicator 
Eu(tta)3(dpbt) dissolved in 
poly(vinyl methyl ketone) 
(PVMK) were cast on a 
transparent poly(ethylene 
terephthalate) (PET) solid 
support to give a two-layer 
dual sensor and two 
further areas for single 
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Figure 5.2. (a) emission spectra and (b) chemical structure of Eu(tta)3(dpbt) (tempera-
ture indicator) and HPTS (CO2 indicator) 
PET  foil
Eu(tta)3(dpbt) / PVMK HPTS / EC
temperature
reference dual sensor
carbon dioxide
reference
 
 
Figure 5.3. Structure and composition of the carbon 
dioxide / temperature dual sensor and reference single 
sensors 
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indicator referencing, as described in detail in section 5.4.2. A cross-section of the 
sensor layer is depicted in figure 5.3. The area for simultaneous sensing is not a 
dual sensor in its real sense, because the two layers are separated by the solid 
support. Hence, it is rather a mixture of two single sensors. However, this setup is 
appropriate to demonstrate the feasibility of signal separation by means of the 
novel imaging approach. 
 
 
5.2. Results and Discussion 
 
The dual sensor was placed in a flow-through cell, which was connected to a 
thermostat and a gas mixing device. Excitation was performed with a 405 nm LED. 
The response of the sensor system was studied at seven different temperatures 
and six different carbon dioxide concentrations. For image acquisition, the sensor 
foil was illuminated continuously and the emitted light was recorded with a 
commercially available Canon EOS 350 D digital camera, applying an exposure 
time of three seconds. For calibration the intensity of the temperature indicator 
Eu(tta)3(dpbt) was evaluated at the temperatures T = 10 °C, 20 °C, 30 °C, 40 °C, 
50 °C, 60 °C, and 70 °C under nitrogen atmosphere to avoid cross-sensitivity to 
oxygen. The intensity of the CO2 indicator HPTS was evaluated at different carbon 
dioxide concentrations in a CO2/N2 mixture with c(CO2)=0%, 2.5%, 5%, 20%, 50%, 
and 100%. 
 
 
5.2.1. Carbon Dioxide Sensor 
 
The intensity of the carbon dioxide indicator HPTS in the sensor layer (see section 
5.4.2) was monitored in the blue channel (see figure 5.2.). It increases when 
increasing the carbon dioxide concentration as it can be seen in figure 5.4. The 
results of the calibration are shown in figure 5.5). The sensor response can be 
described by a usual sigmoidal fit. The sensitivity towards CO2 is slightly lower 
compared to the data in literature[17,18] due to the absence of humidity in the 
carbon dioxide/nitrogen gas mixture. The sensor seems to be more sensitive at 
lower temperatures (the slope decreases) than at higher temperatures, which is in 
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good agreement with the properties of carbon dioxide sensors. The noise of the 
measurement is very low, showing nearly no intensity in the red channel. The 
response of the dual sensor is in good agreement with the results of the reference 
sensor area. The deviations in the overall intensity derive from the assembly of the 
two-layer sensor system. The signal of the carbon dioxide sensing layer is 
attenuated by the temperature sensing layer on top of it, whereas the reference 
area is not affected (see figure 5.3.) 
 
 
5.2.2. Temperature Sensor 
 
The intensity response of the Eu(tta)3(dpbt) complex in the sensor layer (see 
section 5.4.2) to temperature was monitored in the red channel. The emission 
peak of this metal-ligand complex is very narrow at 618 nm (see figure 5.2) and 
can thus be easily separated from the other indicator. The colored raw images 
(see figure 5.5) show clearly a very pronounced change in luminescence intensity 
when altering temperature, while the CO2 sensor remains nearly unaffected. In the 
intensity pictures of the different channels, there is no intensity monitored for the 
HPTS (CO2 sensor) in the red channel. The response of the luminescence 
intensity of the europium complex to temperature is shown in figure 5.5.b. The 
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Figure 5.4. (a) Raw images of the sensor materials at different carbon dioxide 
concentrations and the intensity distributions in the corresponding color channels. (b) 
Calibration plots of the sensor when exposed to different carbon dioxide concentrations 
(0% CO2 is considered as 0.001% because of the logarithm). All intensities are 
referenced to I0=I(0% CO2 at 70 °C). 
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trend of the data points can be fitted with an Arrhenius type equation, which 
describes the temperature quenching effect of metal-ligand complexes very 
well.[19-21]  
There is some signal in the blue channel which is slightly bigger than in the HPTS 
measurements, showing an upward trend when increasing temperature. This 
effect is probably caused by the increase in the fluorescence intensity of the 
antenna chromophore of the europium complex (see figure 5.2). The response of 
the temperature probe is not influenced by the carbon dioxide concentration. 
 
 
5.3. Conclusion 
 
The dual CO2/temperature sensor was successfully calibrated with a novel digital 
color camera imaging approach. Signal separation due to the different emission 
color of the luminescent indicators applied proved to be very effective. The 
response of the sensor system agrees very well with theory and reference 
measurements. The deviations in the results of the dual sensor from the reference 
measurements derive to the bigger part from the assembly of the dual sensor, 
because the emission from the bottom layer is always attenuated by passing 
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Figure 5.5. (a) Raw images of the sensor materials at different temperatures and the 
intensity distribution in the corresponding color channels. (b) Dependency of the 
luminescence from Eu(tta)3(dpbt) in the reference and the dual sensor on temperature 
(red channel). 
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through the layer above (see figure 5.3). This effect diminishes the overall intensity 
and also the sensor response to a certain extent. 
  The splitting of the colored raw images into the three RGB channels can be 
done by every common image editing software (even freeware). The resulting 
black-and-white intensity images are very definite. Deviations and inaccuracies are 
caused by well-known sources of error when measuring luminescence 
intensities.[2] 
  The novel imaging method presented here is applicable to many fields of 
luminescence imaging. The main advantage is the content of information in just 
one single image. The demands on the experimental setup are reduced 
significantly, because no optical emission filters have to be applied. The physical 
values of all sensors are available at the same location and at the same time – 
unlike in the two camera approach – without the application of sophisticated image 
manipulation software. Together with the feasibility of low-cost digital cameras 
(compared to cooled CCD cameras), the overall costs for the imaging setup are 
cut dramatically. Theoretically, three different indicators can be employed to 
measure three different analytes (or two analyte-specific probes and one 
reference), one emitting in the blue, one in the green, and one in the red when 
excited in the range between 350 nm and ~ 430 nm. Furthermore, referenced 
intensity imaging can be performed very easily. Regarding for example intensity-
based pressure-sensitive paints (PSPs), the oxygen-sensitive probe could be 
easily and clearly separated from the reference dye. The incorporation of quantum 
dots into a single or dual sensor can improve the accuracy of intensity-based 
measurements. They exhibit a rather narrow emission band, are excitable at any 
wavelength below their emission wavelength and are inert towards the majority of 
analytes. This enables for ratiometric intensity measurements, thus improving 
feasibility and precision.  
  With the new imaging approach presented here, the application of emission 
filters and additional cameras is not necessary, thus lowering the demands on the 
experimental setup and the amount of images to be acquired and evaluated. 
Furthermore, the evaluation of color-shifting sensors can be simplified and maybe 
specified.[22] As demonstrated here, even common digital cameras can be used for 
imaging purposes.[23] This novel approach is applicable when the indicators of 
interest show luminescence in different wavelength areas. Even if the dyes do not 
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emit in the maximum sensitivity areas of the camera for the respective colors (~ 
460 nm – 480 nm for blue, ~ 520 nm – 565 nm for green, ~ 625 nm – 700 nm for 
red), the results are unambiguous and highly reproducible after calibration of the 
system.  
 
 
5.4. Experimental 
 
5.4.1. Materials 
 
8-Hydroxypyrene-1,3,6-trisulfonate (HPTS, purity > 97%) trisodium salt and ethyl 
cellulose (49% ethoxy content) was purchased from Aldrich (Taufkirchen, 
Germany). Poly(ethylene terephthalate) (Mylar®) foil was obtained from 
Goodfellow GmbH (Bad Nauheim, Germany). Poly(vinyl methyl ketone) (PVMK, 
average MW=500 000) was purchased from Acros Organics (Nidderau, Germany). 
Tetraoctylammonium hydroxide (TOAOH, 25% w/w solution in methanol) was 
obtained from Fluka. Eu(III)- tris(thenoyltrifluoroacetonato) - (2-(4-diethylamino-
phenyl) - 4,6 - bis (3,5 -dimethylpyrazol-1-yl)-1,3,5-triazine) (Eu(tta)3(dpbt)) was 
synthesized according to Yang’s procedure.[13] The preparation of the ion pair 
(HPTS(TOA)3) is reported elsewhere.[16] All solvents were of analytical grade und 
were used without further purification. Nitrogen and carbon dioxide gas were 
obtained from Linde (Munich, Germany). 
 
 
5.4.2. Preparation of the Dual Sensor 
 
The sensor “cocktail” for CO2 sensing was prepared by dissolving 200 mg of ethyl 
cellulose, 2 mg of HPTS(TOA)3 in 1.8 g of an toluene/ethanol mixture (3:1 w/w). 
Then 80 µL of TOAOH were added. The “cocktail” for temperature sensing 
contained 1 mg of Eu(tta)3(dpbt) and 100 mg of  PVMK dissolved in 900 mg of 1,2-
dichloroethane. The polymer / indicator blends were cast onto a Mylar support with 
a thickness of 60 µm using a home-made knife-coating device to give a ~6 µm  
thick sensor layers after drying (see figure 5.3).  
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5.4.3. Calibration of the Dual Sensor 
 
The dual sensor layer described in section 5.4.2 was placed in a flow-through cell, 
which was connected to a thermostat and a gas mixing device. Excitation was 
performed with a 405 nm LED (405-66-60, Roithner Lasertechnik, Vienna, 
Austria). Excitation light was filtered through a BG12 filter (Schott AG, Mainz, 
Germany) and fell on the sensor with an angle of approximately 45°. Color and 
intensity information was gathered with a commercially available non-scientific 
Canon EOS 350 D digital camera, placed directly above the sensor foil at a 
distance of 40-50 cm. 
  The response of the sensor system was studied at seven different 
temperatures and six different carbon dioxide concentrations. For image 
acquisition, the sensor foil was illuminated continuously and the emitted light was 
recorded with the camera, applying an exposure time of three seconds. The 
intensity of the temperature indicator Eu(tta)3(dpbt) was evaluated at the 
temperatures T= 10 °C, 20 °C, 30 °C, 40 °C, 50 °C, 60 °C and 70 °C under 
nitrogen atmosphere to avoid cross-sensitivity to oxygen. The intensity of the CO2 
indicator HPTS was evaluated at different carbon dioxide concentrations in a 
CO2/N2 mixture with c(CO2)= 0%, 2.5%, 5%, 20%, 50% and 100%. 
 
 
5.4.4. Data Evaluation 
 
The raw images obtained were transferred from the camera to a PC and were 
converted into the .tif file format. This format was chosen because it preserves 
maximum information about an image, while in other file types the images are 
compressed for smaller file sizes. In this case, some information would be omitted 
(e.g. areas of low intensities are considered to be black) which is undesirable for 
imaging applications.  
  The images were loaded with a standard version of Corel Photo-Paint 
Version 8.0 and were then divided into their RGB channels. This resulted in 
additional three black-and-white images, containing the intensity information of the 
three different color channels, respectively. These intensity distribution images 
were evaluated with the IDL 5.3 data evaluation software. 
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We have envisioned the design of a sensor material that would simultaneously 
respond to pH, temperature (T), and oxygen (O2) by exploiting the capability of 
optical sensor materials to give a multitude of optical signals in parallel. Such a 
sensor does not yet exist and cannot be designed on the basis of non-optical 
sensing schemes where signals of the three parameters cannot be separated. 
 
 
6.1. Introduction 
 
Optical chemical sensors – with few exceptions – rely on the use of smart probes 
and materials that respond to the species of interest by change in their optical 
properties, often in luminescence.[1-10] They have the specific option of optical 
multiplexing. In other words, sensors can be designed such that they give a 
multitude of spectral and time-dependent information which – in turn – enables 
sensing of several parameters simultaneously if the signals can be separated and 
attributed in an unambiguous way. We and others[11-16] previously have designed 
dual sensors, e.g. for oxygen and temperature or oxygen and pH, and related 
multiplex approaches (with one probe responding to more than one parameter) 
have been reported recently.[17-19] 
  Our interest in sensors for pH, T, and O2 (in gaseous or dissolved form) 
results from the fact that these are the parameters probably determined most often 
in chemistry, biology, environmental sciences, and numerous industrial areas, not 
to talk about more specific areas such as clinical chemistry or marine sciences. 
Electrochemical devices for these parameters do exist, are widely distributed and 
perform fairly well. Optical single sensors for these species also do exist for many 
years,[1] are less common and have specific merits because information is 
gathered via photons rather than by electrons, often in combination with fiber optic 
light guides. This can substantially reduce the risk of explosions in chemical 
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plants, enables sensing at patients with heart pacemakers and in strong 
electromagnetic fields, and – in case of fiber optics – paves the way to sensing 
over large distances. 
 On a first glance it would appear that triple sensing can be achieved by 
simply using the three best working indicator probes (one each for pH, T, and O2) 
with highly different optical spectra and to incorporate them into an appropriate 
polymer matrix which then is exposed to the sample to be analyzed. A closer look 
into the situation reveals that the solution is not as simple for several reasons. 
Notably, the spectral overlap of practically all indicator probes results in substantial 
spectral cross-talk. In fact, most probes have bands that extend over more than 
150 nm in width so that the spectral range that can be exploited in practice (400 – 
750 nm) is almost fully covered by two indicator dyes, not considering the fact that 
pH probes exist in two forms depending on pH. A second and quite serious 
limitation results from the effect of fluorescence resonance energy transfer (FRET) 
whenever indicator probes with overlapping bands are applied in high 
concentrations so that the critical distance for FRET to occur (typically 5 – 7 nm) is 
reached; this can result in a heavy cross-talk of signals. Thirdly, pH-dependent 
color changes are likely to lead to inner filter effects which are disadvantageous if 
luminescence intensity (rather than lifetime) is measured. Finally, each of the three 
probes demands for an optimized polymer matrix which not only acts as a 
mechanical support, but also needs to be permeable to the analyte of interest, 
ideally is impermeable to any conceivable interferents, and – in the case of all 
sensors except for oxygen – also prevents quenching of fluorescence by 
molecular oxygen.[20,21] 
 
 
6.2. Sensor Composition 
 
The use of micro- or nanoparticles, each type consisting of an optimized 
combination of indicator probe and polymer matrix, contained in a bulk polymer 
matrix (the “binder”) appears to be the solution of choice. We therefore have 
developed several types of sensing microspheres, each consisting of a different 
polymer and a specific indicator probe whose spectral property was chosen such 
that it can be clearly identified by either spectral or temporal resolution. One 
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additional prerequisite set by us when designing a triple sensor system was that all 
the luminescent probes used can be photoexcited at the same wavelength (405 
nm in our case), since anything else would be of limited practicability mainly for 
technical reasons. As will be shown below, the three kinds of sensor beads can be 
incorporated into a sensor matrix (in our case a hydrogel) in varying ratios, thus 
allowing the intensity of the single signals easily to be adjusted by proper variation 
of the ratio of beads.  
 
 
6.2.1. First Triple Sensor System 
 
Two kinds of triple sensors are being presented here. In the first (referred to as 
TS-1, see section 6.5.5), the optical signals of the three kinds of beads are being 
distinguished by using different emission filters along with time-resolved 
spectroscopy (see later). In view of the prerequisite of a single wavelength to be 
used, HPTS (8-hydroxypyrene-1,3,6-trisulfonate) was used as a probe for pH,[22] 
the indicator PtTFPL [Pt(II)-5,10,15,20-tetrakis (2,3,4,5,6-pentafluorophenyl) 
porpholactone] as a luminescent probe for oxygen,[11] and the europium complex 
Eu(tta)3(dpbt) [Eu(III) - tris(thenoyltrifluoroacetylacetonato) - (2 - (4 - diethyl-amino-
phenyl) - 4,6- bis(3,5 – dimethylpyrazol – 1 - yl) -1,3,5-triazine)] as the luminescent 
probe for temperature.[23,24] The pH probe HPTS covers the physiological pH range 
and was covalently immobilized to amino-modified poly-HEMA particles[25] in order 
to avoid leaching by flowing samples. The luminescence of the temperature probe 
Eu(tta)3(dpbt) is measurably quenched by oxygen  but this effect can be prevented 
by incorporating the probe into high molecular weight poly(vinyl chloride) which 
possesses a very low oxygen permeability coefficient (P = 3.4⋅10-15 cm2⋅Pa⋅s-1).[20] 
PtTFPL, in turn, was incorporated into microparticles of the moderately oxygen 
permeable[20] copolymer poly(styrene-co-acrylonitrile) (PSAN; P = 3.5⋅10-14 
cm2⋅Pa⋅s-1) in order not to cause full quenching at even low pO2 but rather to cover 
the range up to air saturation. As a result, three types of polymer particles were 
obtained possessing distinguishable optical signals, optimized permeation 
selectivity, and whose cross-sensitivity via FRET interaction is minimized. For 
details, see section 6.5. 
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6.2.2. Second Triple Sensor System 
 
We also have designed a second type of triple sensor (referred to as TS-2, see 
section 6.5.6) that exploits the fact that the decay times of the probes used for O2 
and T, respectively, strongly differ. Typical lifetimes are 4 ns for HPTS, 600 µs for 
Eu(tta)3(dpbt), and 50 µs for PtTFPP. Hence, the intensity of even overlapping 
spectral signals (see Fig. 2, right panel) can be separated by temporal resolution, 
a technique known as time-resolved ("gated") spectroscopy. This is to be 
differentiated from measurement of luminescence decay time, a parameter 
independent of the respective luminescence intensity. Chemical sensing based on 
gated spectroscopy or time-resolved spectroscopy can have distinct 
advantages.[26] The signal of the temperature probe and the O2 probe can be 
separated exploiting their different luminescence decay times. The oxygen probe 
PtTFPL of TS-1 was replaced by the probe Pt(II)-5,10,15,20-tetrakis(2,3,4,5,6-
pentafluorophenyl) porphyrin (PtTFPP)[27] whose emission overlaps the emission 
of the temperature probe Eu(tta)3(dpbt). Its comparably short decay time of 
approximately 50 µs enables signal separation from the much longer lived 
europium(III) temperature probe (~ 600 µs) by applying the dual lifetime 
determination (DLD) method.[16] 
   The three kinds of beads were finally dispersed, in varying ratio, into an 
ethanol/water solution of a polyurethane hydrogel which acts as the binder 
polymer (see Fig. 6.1) and represents a most suitable material for such sensors as 
it exhibits excellent permeability for oxygen and protons. It is one of the materials 
used in contact lenses, biocompatible, and soluble in non-hazardous solvent 
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Figure 6.1. Cross-section of the triple sensor layer. The upper layer consists of a 
polyurethane hydrogel into which three kinds of luminescence beads were 
incorporated. () pH-sensitive beads, () temperature-sensitive beads, () pO2-
sensitive beads. The use of beads prevents FRET to occur and has other beneficial 
effects (see text). The bottom layer (125 µm) acts as an inert mechanical support. The 
size of the beads did not exceed 3 µm. 
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mixtures such as ethanol/water (9/1; v/v). The resulting solution/suspension was 
cast on an optically transparent and inert solid support consisting of poly(ethylene 
terephthalate) (PET) to give a planar sensing layer whose thickness is 6 µm after 
solvent evaporation. Such a sensor membrane (in contrast to plain molecular 
probes) is expected to enable measurements in strongly colored samples such as 
whole blood or other strongly colored or scattering samples as they are 
encountered in chemical industry or biotechnology. 
 
 
6.3. Results and Discussion 
 
The signal of the pH indicator HPTS in sensor TS-1 was separated from the others 
using an optical bandpass filter and intensity was measured. The luminescence 
spectra of all probes are depicted in figure 6.2. The signals of the oxygen probe 
(PtTFPL in PSAN) and of the temperature probe [Eu(tta)3(dpbt) in PVC] were 
separated from each other via different optical filters (see experimental part). To 
do so, the so-called “Rapid Lifetime Determination” (RLD) time-resolved imaging 
method[28] was applied in order to separate the signal of the Eu-complex for 
temperature from residual short-lived fluorescence of HPTS.  In the RLD method, 
two images are taken in the luminescence decay period of the indicator (see figure 
500 600 700 800
0,0
0,2
0,4
0,6
0,8
1,0
0,0
0,2
0,4
0,6
0,8
1,0
 
Tr
a
n
m
is
s
io
n
 
(no
rm
.
)
In
te
n
s
ity
 
(n
o
rm
.
)
Wavelength [nm]
A   B                   C     D                       E     F
pH T O2
TS-1
500 600 700
0,0
0,2
0,4
0,6
0,8
1,0
0,0
0,2
0,4
0,6
0,8
1,0
In
te
n
si
ty
 
(n
o
rm
.
)
Wavelength [nm]
A   B                         C    D      G
pH T O2
TS-2
 
Figure 6.2. Normalized emission spectra of the probes of triple sensors TS-1 (left) and 
TS-2 (right) along with the transmittances of the optical filters applied. Left: Triple 
sensor system TS-1 (where signals are separated using respective optical filters). Right: 
Triple sensor system TS-2 (where the signals of the temperature probe and the probe 
for oxygen overlap but can be separated via their differences in decay times). (A) 
fluorescence of the pH probe HPTS; (B) transmittance of the 530/50 bandpass filter; 
(C) luminescence of the temperature probe Eu(tta)3(dpbt); (D) transmittance of the D 
610/60M bandpass filter; (E) luminescence of the oxygen probe PtTFPL; (F) 
transmittance of the RG 695 long-pass filter; (G) luminescence of the oxygen probe 
PtTFPP in toluene. 
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6.3). The intensity information in these two gates is then used to calculate the 
lifetime of the probe (see Experimental Part). 
   The sensor response of the triple sensors TS-1 and TS-2 was studied 
by exposing the respective films to, respectively, various pO2 (using a gas 
pressure cell), temperatures, and aqueous solutions of varying pH values. The 
sensor layers were placed in a thermostatted pressure chamber in which air 
pressure and temperature were varied from 50 to 2000 mbar, and from 274 K to 
309 K, respectively. The pH dependence of the sensors obtained by placing 
sensor layers in a flow-through cell through which buffers of varying pH were 
passed. Calibration plots for TS-1 are given in figure 6.4. The data agree very well 
with the results from reference sensor systems, where only a single kind of bead 
was incorporated in the hydrogel (data not shown). 
   In the second sensor system (TS-2), the luminescences of the 
temperature-sensing particles [Eu(tta)3(dpbt)/PVC] and of the oxygen probe 
[PtTFPP/PSAN] overlap and jointly pass the same optical interference filter. 
However, the different luminescence decay times (~ 50 µs for the Pt complex, but 
~600 µs for the Eu-complex) enable separation of the signals via gated 
measurements of luminescence.[29-31]  
  The DLD method[16] is particularly useful in such a situation. In this approach, 
four gates are taken during the decay of the luminescence of the two probes (see 
figure 6.3). The first pair of gates yields the combined intensity of the two 
indicators (here the Eu(III) probe and the Pt(II) probe). The second pair of gates is 
opened only once the luminescence of the shorter lived indicator (here: PtTFPP) 
 
In
te
n
si
ty
timet1 t2
A1 A2
------------------------------ ------------------------------------------------------
--------- ---------
camera on
light source off
light source on
TS-1
RLD
In
te
n
si
ty
 
In
te
n
s
ity
time
A1
A2
t1 t2 t3 t4
A3 A4
-------------- ------------------------------------------------------------------------
-- -- ------ ------
camera on
light source off
light source on
TS-2
DLD
In
te
n
s
ity
 
Figure 6.3. Schematic of the detection methods applied. Left: Rapid Lifetime 
Determination as used for isolating the signals of the probes for O2 and T, respectively 
in TS-1. Right: Dual Lifetime Determination as applied in TS-2; the intensity of four 
gates is acquired during the decay time of the probes (grey: PtTFPP; white: 
Eu(tta)3(dpbt)). 
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has decayed, thus detecting exclusively 
the intensity of the long-lived probe (in 
this case the Eu(III) temperature  probe) 
(see experimental part). This infor-
mation can then be used to compensate 
for the temperature cross-sensitivity of 
the oxygen data obtained in the first two 
gates. The results (for algorithms see 
ref.[16]) were used to construct the 
response functions shown in figure 6.4. 
   The deviations in the response of 
the temperature probe (see figure 6.4c) 
derive from the different parameters 
applied for time resolved imaging of TS-
1 and TS-2 (see the Experimental Part). 
Unfortunately, the luminescence decay 
profile of the Eu(III) complex is multi-
exponential, so that the lifetimes 
depend on the particular time settings. 
  The data show that both triple 
sensor materials respond to pH, T, and 
O2 in the respective ranges. This makes 
the sensors well suited for continuous 
sensing of these parameters in blood or 
other bioliquids. Notably, the data of the 
triple sensors agree very well with the 
data obtained with the respective single 
sensor materials, this indicating the absence of any cross-talk. The situation is 
quite different (in that responses are highly interdependent and virtually 
irreproducible) if the three probes are not incorporated into microbeads but rather 
used as homogeneous solution in the hydrogel binder polymer.  
 
 
 
A) 
4 6 8 10 12
0.4
0.5
0.6
0.7
0.8
0.9
1.0
1.1
HPTS
 TS1
 TS2In
te
n
si
ty
 
(n
o
rm
.
)
pH
 
B) 
0 500 1000 1500 2000
1.0
1.1
1.2
1.3
1.4
1.5
1.6
1.7
1.8
1.9
 PtTFPL (TS1)
 PtTFPP (TS2)
ττ ττ 0
/ ττ ττ
pressure [mbar]
309 K
285 K
 
C) 
280 290 300 310
0.3
0.4
0.5
0.6
0.7  50 mbar
 500 mbar
 1750 mbar
lif
e
tim
e
 
[m
s
]
T [K]
temporal 
separation
(TS-1)
spectral
separation
(TS-2)
 
Figure 6.4. Response curves of the triple 
sensor systems TS-1 and TS-2. (A) pH 
probe HPTS, (B) oxygen probes PtTFPL 
in PSAN (solid) and PtTFPP in PSAN 
(dashed) at different temperatures, (C) 
temperature probe Eu(tta)3(dpbt) in PVC 
at different air pressures 
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6.4. Conclusion 
 
The composition of the sensor cocktail renders the system very versatile. The 
triple sensor layer, if deposited in the form of a small spot, can be optically 
interrogated e.g. by conventional spectroscopy or by imaging.[29-31] If small 
enough, it may be read out via optical microfibers[32,33] and thus enable sensing of 
three parameters with high spatial resolution at a single spot. The sensing layer 
may as well be spread, or sprayed, on supports such as skin, tissue, or industrial 
products.[34]      
  It comes with some surprise when noting that optical sensors for pH (unlike 
practically all pH electrodes) have not been designed so far that would 
automatically be compensated for effects of temperature. By omitting the O2 probe 
in these triple sensor systems, the first optical pH sensor is obtained whose 
response is corrected for effects of temperature. Moreover, pH sensors can be 
converted into sensors for acidic or basic gases by covering the sensing layer with 
gas-permeable but proton-impermeable polymers.[1,32,33] As a result, proper 
modification of the triple sensor with adequate materials will enable sensing of 
carbon dioxide[35] or ammonia[36,37] and will lead to multiple sensors for either 
CO2/O2/T or NH3/O2/T. By incorporating the enzyme glucose oxidase as shown 
several times previously in case of single sensors,[38,39] the triple sensor may be 
converted into a triple sensor for glucose, pH, and temperature because the 
oxygen sensor will now report the consumption of oxygen as a result of enzymatic 
activity, whilst the pH sensor may report any (albeit undesired) changes in pH, and 
the temperature sensor will simultaneously enable for a correction of effects of 
temperature.  
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6.5. Experimental 
 
6.5.1. Materials 
 
Poly(styrene-co-acrylonitrile) (PSAN; 30 wt% of acrylonitrile, MW 185,000 D), high 
molecular poly(vinyl chloride) (PVC), and trisodium 8-hydroxypyrene-1,3,6-
trisulfonate (= HPTS) were obtained from Aldrich (www.sigmaaldrich.com). 
Platinum(II)-5,10,15,20-tetrakis(2,3,4,5,6-penta-fluorophenyl)porphyrin (PtTFPP), 
was purchased from Porphyrin Systems (www.porphyrin-systems.de), platinum(II)-
5,10,15,20-tetrakis(2,3,4,5,6-penta-fluorophenyl)porpholactone (PtTFPL) from 
frontier-scientific (www.frontiersci.com), PET foil (Mylar®) from Goodfellow 
(www.goodfellow.com; product no. ES301425), and the polyurethane hydrogel 
(Hydromed®, type D4) from Cardiotech (www.cardiotech-inc.com). All solvents 
(ethanol, tetrahydrofurane, hexane, heptane, and dimethylformamide) were of 
analytical purity and used as obtained from Fluka (www.sigmaaldrich.com). 
Europium(III)-tris(thenoyltrifluoroacetylacetonato)-(2-(4-diethylaminophenyl)-4,6-
bis(3,5-dimethylpyrazol-1-yl)-1,3,5-triazine) [= Eu(tta)3(dpbt)] was synthesized 
according to the procedure of Yang et al.[24] To establish the response curve of the 
pH component of the triple sensor, a 15 mM Britton-Robinson wide-range buffer 
was used that was adjusted to the desired pH values with hydrochloric acid.  
 
 
6.5.2. Preparation of Oxygen-Sensitive Beads 
 
PtTFPP/PSAN particles were prepared by dissolving 10 mg of PtTFPP in a 
solution of 220 mg poly(styrene-co-acrylonitrile) in 45 mL of dimethylformamide 
(DMF). Particles were precipitated by dropwise addition of 120 mL of doubly 
distilled water while ultrasonicationg the polymer/dye solution. The suspension 
was centrifuged and the remaining particles were washed with ethanol and water. 
Subsequent freeze drying yielded in a red colored powder. The diameter of the 
beads was determined by fluorescence microscopy to be ~1 µm. 
 PtTFPL/PSAN particles were prepared by analogy to the above protocol in 
that 10 mg of PtTFPL were dissolved in a solution of 220 mg of poly(styrene-co-
acrylonitrile) in 120 mL of DMF. The particles were precipitated by dropwise 
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addition of 120 mL of doubly distilled water to the cocktail while ultrasonicating it. 
The resulting suspension was centrifuged and the remaining particles were 
washed with ethanol and water. Freeze drying yielded in a red colored powder 
with a particle size of ~1 µm as determined by fluorescence microscopy. 
 
 
6.5.3. Preparation of pH-Sensitive Beads 
 
The pH indicator HPTS was covalently immobilized on amino-modified 
poly(hydroxyethyl methylmethacrylate) microparticles of typically 3 µm in diameter 
as described in the literature.[25] 
 
 
6.5.4. Preparation of Temperature-Sensitive Beads 
 
Eu(tta)3(dpbt)/PVC particles were prepared by dissolving 3 mg of Eu(tta)3(dpbt) in 
a solution of 75 mg high molecular weight poly(vinyl chloride) in 15 mL of 
tetrahydrofurane (THF). After addition of 80 mL of heptane, the THF was removed 
slowly on the rotary evaporator. The resulting particles were centrifuged, washed 
with ethanol and water, and freeze dried to give a slightly yellow powder with a 
particle size of ~2 - 3 µm as determined by fluorescence microscopy. 
 
 
6.5.5. Preparation of Triple Sensor TS-1 
 
A suspension was prepared from 20.0 mg of the [Eu(tta)3(dpbt)/PVC] particles, 
21.5 mg of the [HPTS/poly-HEMA] particles, and 23.5 mg of the [PtTFPL/PSAN] 
particles in a 5% (wt.) solution of the polyurethane hydrogel in a 9:1 mixture of 
ethanol and water. The pink cocktail was then spread onto the PET foil (that acts 
as a solid support) using a knife-coating device. The sensing layer was 6 µm thick 
after solvent evaporation.  
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6.5.6. Preparation of Triple Sensor TS-2 
 
A suspension was prepared from 30.0 mg of the [Eu(tta)3(dpbt)/PVC] particles, 
15.5 mg of the [HPTS/poly-HEMA] particles, and 20.0 mg of the [PtTFPP/PSAN] 
particles in a 5% (wt.) solution of the polyurethane hydrogel in a 9:1 mixture of 
ethanol and water. The pink cocktail was then spread onto the PET foil (that acts 
as a solid support) using a knife-coating device. The sensing layer was 6 µm thick 
after solvent evaporation. 
 
 
6.5.7. Acquisition of Spectra and Experimental Setup 
 
Absorption and emission spectra were recorded on a Lambda 14 p Perkin-Elmer 
UV-VIS spectrophotometer (www.perkinelmer.com) and an Aminco AB 2 
luminescence spectrometer (Thermo Scientific Inc., Waltham, USA; 
www.thermo.com), respectively. All time-resolved measurements were performed 
with a PCO SensiCam 12 bit b/w CCD camera (PCO, Kelheim, Germany; 
www.pco.de) equipped with a xenon 0.95/17 lens (Schneider Optische Werke, 
Bad Kreuznach, Germany; www.schneiderkreuznach.com) and a 405-66-60 LED 
with a peak emission at 405 nm (from Roithner Lasertechnik, Vienna; 
www.roithner-laser.com). The excitation light was focused by a PCX 18 x 18 MgF2 
TS lens (from Edmund Optics; www.edmundoptics.com) and hit the sensor layer 
at an angle of approximately 20° (relative to the CCD) after having passed a 2 mm 
thick BG12 filter (Schott, Mainz, Germany; www.schott.com). Further details are 
given in ref.[16].  
 
 
6.5.8. Response Functions of Triple Sensor TS-1 
 
The signals of the three types of sensor beads were separated by applying the 
following optical filters: A BP 530/50 bandpass filter for HPTS (the pH probe), a 
D610/60M bandpass filter for Eu(tta)3(dpbt) (the temperature probe), and a RG695 
long-pass filter for PtTFPL (the oxygen probe). From the information gathered by 
applying the Rapid Lifetime Determination method, the luminescence lifetime can 
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be calculated according to equation 2.13 presuming, for the sake of simplicity, 
mainly mono-exponential decay of luminescence. If the decay profile is multi-
exponential, the results depend – to a certain extent – on the widths and the 
positions of the gates. The parameter settings applied in our case are summarized 
in table 6.1. 
 
Table 6.1. Parameter settings for the triple sensor material TS-1 where reading was 
performed by applying the rapid lifetime determination method. In essence, two gated 
images are taken in the (isolated) emission phase of the indicators. 
 
probe excitation 
pulse [µs] 
gate width [µs] t1 [µs] a) t2 [µs] 
PtTFPL 
(oxygen) 160 60 1 21 
Eu(tta)3(dpbt) 
(temperature) 2000 400 1 101 
 
   
 a) the delay was applied to separate the signal of Eu(tta)3(dpbt) from residual short-lived  
          fluorescence of HPTS 
 
 
 
 
6.5.9. Response Functions of Triple Sensor TS-2 
 
The signal of the pH indicator HPTS was separated from the other luminescences 
via a BP 530/50 optical bandpass filter, after which its intensity is measured that is 
related to pH as shown in figure 6.4a. The luminescences of the Eu(III)-based 
temperature probe and of the oxygen probe (PtTFPP) were detected after having 
passed a D610/60M bandpass filter. They were separated via the Dual Lifetime 
Determination method.[16] The lifetime of the faster decaying pressure-sensitive 
probe (PtTFPP/PSAN) can be deduced from these data by iteration as 
demonstrated in ref.[16]. The parameter settings applied are listed in table 6.2. 
Lifetimes were calculated with equation 2.13 (see section 2.4.2.3) using the 
different gate pairs and their associated starting times (t1, t2 with A1/A2; and t3, t4 
with A3/A4, respectively).  
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Table 6.2. Parameter settings for the triple sensor material TS-2 where reading was 
performed using the dual lifetime determination method. Four gated images are taken in 
the emission phase of both indicators.  
 
probe excitation 
pulse [µs] 
gate width 
[µs] 
t1 [µs] a) t2 [µs] t3 [µs] t4 [µs] 
PtTFPP 
(oxygen) 150 50 1 21 --- --- 
Eu(tta)3(dpbt) 
(temperature) 1000 400 --- --- 400 500 
 
  a) the delay was applied to separate the signal of PtTFPP from residual short-lived fluorescence of   
      HPTS 
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This thesis describes various methods for time-resolved luminescence lifetime 
determination, and their applications to imaging barometric pressure and 
temperature. These approaches are superior to luminescence intensity imaging in 
that they are less influenced by sources of errors like light scattering, 
inhomogeneous indicator distribution, photobleaching, or background fluorescence 
because they are intrinsically referenced. The data obtained are precise and 
unambiguous. Novel sensor materials and methods for time-resolved imaging are 
described, characterized, and applied.  
   Chapter 1 gives a brief historical overview of the development of pressure-
sensitive and temperature-sensitive sensor systems. Their importance not only for 
aerodynamic research but also for life science applications is highlighted. The 
motivation and the aim of this thesis are introduced. 
   In chapter 2, the physical and chemical mechanisms of pressure-sensitive 
and temperature-sensitive luminescent probes are explained in detail. The 
materials required for preparation of PSPs and/or TSPs are introduced. 
Furthermore, the requirements on the different components of an experimental 
setup for time-resolved or gated luminescence imaging are discussed. The state-
of-the-art of pressure-sensitive and temperature-sensitive paints applied in 
aerodynamic research and the respective methods of interrogation are presented.  
   A novel dual PSP/TSP system, consisting of a platinum porpholactone and a 
ruthenium-diimine complex, for time resolved luminescence imaging is introduced 
in chapter 3. The choice of the materials is explained and discussed. Different 
wind tunnel systems and their specifications, along with the areas of application 
are presented. The dual paint was applied to a delta wing model for wind tunnel 
testing. Despite of drawbacks due to unexpected effects and problems, the dual 
paint has proven to be applicable for aerodynamic research. Temperature can be 
determined with an accuracy of 0.5 K and the surface pressure topology coincides 
with theory and with the data from conventional pressure measurements.   
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   A novel kind of an optical dual sensor, allowing for signal separation due to 
different luminescence lifetimes without the need of additional spectral separation 
is introduced in chapter 4. This technique expands the possible spectrum of 
combination of probes applicable to optical dual sensing. The new sensor system 
consists of a platinum porphyrin and a europium chelate complex, capable of 
determining oxygen and temperature simultaneously, without the need for different 
optical filters. The preparation of the sensor material is described, and its 
performance and accuracy validated.  
   In chapter 5, a novel general approach for imaging is presented. It makes 
use of the fundamental setup of digital cameras and enables to monitor the 
spectrally resolved luminescence of up to three signals with one single image. 
Data evaluation can be performed with even freeware image editing software. For 
the proof-of-principle, a dual sensor containing HPTS as pH probe and a europium 
chelate complex as temperature probe in a hydrogel as binder was calibrated 
applying a commercially available digital camera. The results were compared with 
the sensor response of the reference single sensors and exhibit good consistence. 
   The new materials and methods developed during this dissertation led to the 
fabrication of the first optical triple sensor systems. Two kinds of sensors are 
reported. They are capable of simultaneously determining the three important 
analytes pH, T, and O2. The first system consisted of HPTS as the pH-indicator, a 
Eu-chelate complex as the temperature probe, and a Pt-porpholactone as the 
probe for oxygen, all encapsulated in appropriate polymer particles. The three 
signals are separated using optical filters. In the second triple sensor system (TS-
2), the O2 probe of the first system was replaced by a Pt-porphyrin, enabling for 
time-resolved separation of the temperature signal from the O2 signal. Both 
systems are calibrated, compared with reference single sensors, and validated. 
With these new kind of sensors, it is possible to monitor the three clinically 
relevant parameters pH, T, and O2 non-invasively, online, and in surpassing 
spatial resolution. By omitting the oxygen probe, the first temperature 
compensated optical pH sensor ever described in literature is obtained.      
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4-CTFT       4-Chloro-α,α,α-trifluorotoluene 
 
α         Angle of attack 
AA        Anodised aluminum 
 
BAE        Britisch Aerospace 
BOS        Background oriented Schlieren technique 
Bs        Brightness (product of molar absorbance and quantum  
          yield) 
 
c         Concentration 
CCD        Charge-coupled device 
CMOS       Complementary metal oxide semiconductor 
 
∆Φ        Phase shift 
DLR        German Aerospace Center (Deutsches Zentrum für Luft-  
          und Raumfahrt) 
DLR        Dual Lifetime Referencing 
DO        Dissolved oxygen 
 
ε         Molar absorption coefficient 
Ea         Arrhenius activation energy 
EC        Ethyl cellulose 
EP        Activation energy of permeation 
ET        Energy transfer 
Eu(tta)3(dpbt)     Europium(III)-tris(thenoyltrifluoroacetylacetonato)-(2-(4- 
          diethylaminophenyl)-4,6-bis(3,5-dimethylpyrazol-1-yl)  
          1,3,5-triazine) 
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Φ         Quantum yield 
FIB        Poly(hexafluoroisopropyl methacrylate-co-heptafluoro-n- 
          butyl methacrylate) 
FLIM       Fluorescence Lifetime Imaging 
 
I         Intensity 
ICCD       Intensified charge-coupled device 
IPCT        Image pattern correlation technique 
Iref         intensity at reference conditions 
 
JAXA       Japan Aerospace Exploration Agency 
 
KSV        Stern-Volmer constant 
 
LED        Light emitting diode 
LOD        Limit of detection 
LT        Lifetime 
 
MLC        Metal-ligand complex 
MOSAIC       Molecular sensors for aerodynamic research 
 
ONERA      Office National d'Études et de Recherches Aérospatiales,  
          (French Aerospace Center) 
 
P          Permeability coefficient 
p         Pressure  
PAH        Polycyclic aromatic hydrocarbons 
PAN        Poly(acrylonitrile) 
PDMS       Poly(dimethyl siloxane) 
PdOEP       Pd(II)-2,3,7,8,12,13,17,18-octaethylporphyrin 
PdOEPK      Pd(II)-2,3,7,8,12,13,17,18-octaethylporphyrinketone 
PDR        Phase Delay Rationing 
PdTFPP      Pd(II)-5,10,15,20-tetrakis(2,3,4,5,6-penta- 
          fluorophenyl)porphyrin 
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PdTPTBP      Pd(II)-meso-tetraphenyltetrabenzoporphyrin 
PIV        Particle image velocimetry 
PMMA       Poly(methyl methacrylate) 
pO2        Oxygen partial pressure 
Poly(IBM-co-TFEM)  Poly(isobutyl methacrylate-co-trifluoroethyl methacrylate) 
PolyTMSP     Poly(trimethyl silyl-propyne) 
PS         Polystyrene 
PSAN       Poly(styrene-co-acrylonitrile) 
PSP        Pressure-sensitive paint (for barometric pressure) 
PtOEP       Pt(II)-2,3,7,8,12,13,17,18-octaethylporphyrin 
PtOEPK      Pt(II)-2,3,7,8,12,13,17,18-octaethylporphyrinketone 
PtTFPL       Pt(II)-5,10,15,20-tetrakis(2,3,4,5,6-penta- 
          fluorophenyl)porpholactone 
PtTFPP      Pt(II)-5,10,15,20-tetrakis(2,3,4,5,6-penta- 
          fluorophenyl)porphyrin 
PVP        Poly(vinyl pyrollidone) 
 
QY        Quantum yield 
 
R         General gas constant 
Re        Reynolds number 
RLD        Rapid Lifetime Determination 
ROI        Region of interest 
Ru(bpy)32+      Ru(II)-tris(2,2’-bipyridine) 
Ru(dpp)32+     Ru(II)-tris(4,7-diphenyl-1,10-phenanthroline) 
Ru(phen)32+     Ru(II)-tris(1,10-phenanthroline) 
Ru(trpy)22+       Ru(II)-bis(2,2’:6’,2’’-terpyridine) 
 
SNR        Signal-to-noise ratio 
 
τ         Lifetime of luminescence 
T         Temperature  
t         Time 
TPT        Thermographic phosphor thermography 
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tref         Lifetime at reference conditions 
TsAGI       Central Aerohydrodynamic Institute, Russian Aerospace  
          Center 
TSP        Temperature-sensitive paints 
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